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Abstract

In many modern power electronics applications such as data centers, there are spe-
cific requirements such as fast load dynamics and sensitive power, voltage or current
sharing. Therefore, power converters need to provide and maintain ultra fast re-
sponses to achieve a certain control objective. For example, for voltage regulators
connected to the points of the load in data centers, very fast load step changes pose
an extra challenge on the design of the power converter such that conventionally,
excessive passive components are used to regulate the output voltage. On the other
hand, in higher power applications such as data centers or electric vehicles, mod-
ular power converters are used to guarantee perfect power sharing and optimum
system dynamics and voltage/current regulations for fast load transients. Recently,
researchers are trying to tackle these challenges through advanced control systems
without over-designing the hardware and passive components, to reduce the cost,
and increase lifetime of power converters. This research addresses advanced control
methods to improve converter performances for both single and modular DC-DC
converters.

This research first proposes a new controller to achieve fast load transient re-
sponses in the load-connected DC-DC converters of power management systems in
data centers. The controller is designed to achieve identical dynamics for all state
variables in the converter and is able to provide load transient responses with re-
covery times of less than one switching cycle and low overshoot /undershoot levels.
A systematic design approach is introduced for the controller, for both continuous
and discontinuous conduction modes of operation.

Moreover, for DC-DC converters used in the intermediate stage of the power
management system in a data center, a controller is proposed to compensate for low
system damping levels in high load currents, or equivalently, low load resistance val-

ues. The controller is based on decoupling system dynamics from the load resistance
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value, once the controller is applied to the system. The proposed approach improves
the load transient response of the converter in large load steps, while achieving a
converter with small energy storage requirements. At the same time, the controller
enables converter dynamics enhancements without auxiliary circuits, to reduce the
cost, volume, and complexity of the system.

Finally, a controller is proposed to improve steady-state and dynamical per-
formances of modular DC-DC converters. This controller can achieve very fast
power sharing among the modules, while obtaining an accurate voltage/current
regulation for fast load dynamics. The introduced approach is applicable to all
converter topologies and is robust against parameter uncertainties and parameter
mismatches among the modules. The proposed distributed control system is formu-
lated for Input-Series Output-Parallel (ISOP), Input-Parallel Output-Series (IPOS),
and Input-Series Output-Series (ISOS) DC-DC converters. For all the controllers
proposed in this thesis, a proof of stability is provided. Also, the appropriate perfor-

mances of the controllers are verified through simulation and experimental results.
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Chapter 1

Introduction

Today, modern power converter applications have introduced new trends and ap-
proaches to meet the emerging requirements of the power electronics industry. Some
of the most important approaches used by power electronics system designers in
recent years include using more complex converter structures such as modular con-
verters [17], boosting system performances in applications with fast-changing loads
[18, 19], increasing the switching frequency, and finally reducing the converter sizes
to achieve higher power densities. These approaches are taken to achieve suitable
steady-state and transient performances for power converters and any failure in this
mission forces the system designers to make compromises in the converter design
process. For instance, it might be necessary to over-design converter components to
compensate for deficiencies in control systems. Therefore, it can be stated that the
current trend in the power electronics industry is to design power converters with
minimum energy storage requirements and more complicated controllers.

Generally speaking, modern DC-DC converter applications such as power man-
agement systems in data centers, use different power converter and control system
configurations for low power converters with small or large load changes and high
power modular converters. Specifically, the power conversion system used in a data
center can be divided into three stages of high-power high-voltage modular DC-DC
converters, and single high-power low-voltage and low-power low-voltage DC-DC
converters. This chapter discusses the requirements and the components of the
power management system in a data center. The existing challenges to fulfill these
requirements are also explained and the proposed solutions in the literature to over-
come these challenges are reviewed. While the main focus is on power management
systems in data centers, application examples will be provided for different DC-DC
converter configurations. This will better illustrate the significance of the challenges

associated with the applications discussed.



1.1 Overview of Power Management Systems in
Data Centers

This section explains the significance of data centers in performing computational
duties and other tasks associated with portable electronic devices. It also discusses
components and requirements of the power management system in a data center.
To explain system requirements better, typical numerical ranges for different system

parameters are provided.

1.1.1 Power Management System Components, Challenges,
and Requirements

This subsection discusses the significance of data centers and presents details about
the compoents and requirements of the power management system in a data center.
Nowadays, these are mostly data centers which perform the operational duties of
portable electronic devices [20]. The communication among these data centers and
the associated portable electronic devices are established through cloud services [20].
To be able to fulfill operational requirements, data centers are equipped by a large
number of fast speed processors [20]. Based on the system objectives, many of these
processors are constantly plugged in and out of the network and from the power
management system point of the view, these changes are seen as load steps. The
voltage regulators respond to these load steps by entering into a transient period
and recovering from it after a number of switching cycles. This can limit the speed
of data centers.

At present, two power management architectures are used for data centers, each
of which transfer power to the loads using a separate DC link voltage level [9]. One
of these architectures uses a 12V DC link, while the other uses a 48V one [9]. In the
first configuration, the first power conversion stage is a 60Hz transformer converting
a 4160V,AC to a 480V,AC voltage [9]. The obtained AC voltage is processed by an
uninterruptible power supply (UPS) and a power distribution unit (PDU) to form
a 220V, AC voltage [9]. The power supply unit processes this voltage by a rectifier
and an isolated DC-DC converter, to form a 12V DC link voltage [9]. In the second
architecture, however, the UPS in the 12V configuration is eliminated to form a 48V
DC link voltage [9, 21, 22]. The 48V architecture has the advantage of an increased
efficiency over its 12V counterpart [9, 21, 22]. This increased efficiency is obtained as
a result of the existence of a fewer number of power conversion stages in the system
for the 48V architecture [9, 21, 22].

In data center applications, the supply voltage of the motherboards in service is
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[9]

either 48V or 12V, based on the system architecture. Moreover, the voltage level
at the point of the load can vary from below 1V to near 2V [20, 23]. For example,
a CPU load requires a 1.3-1.8V voltage, and a DDR load requires a 1.2V voltage
for operation [23]. The switching frequencies of DC voltage regulators are selected
between 200KHz and 1.1MHz and the converters need to have a power density in
the range of 300-500 W /in® [20, 24]. Most importantly, the typical efficiency range
of voltage regulators is reported as 94-96 percent [20, 24]. The modern trend is to
add the number of high-performance processors in each data center and this way,
the entire load current can reach up to 200A [25].

While the proposed methods in this dissertation are applicable to both 12V and
48V data center architectures, the main focus is on providing control strategies for
the 12V architecture. The schematic of the power management system for a 12V-
based data center is observable in Fig. 1.1.

The power management system in a data center is composed of three different
power conversion stages [9] as shown in Fig. 1.1. These conversion stages are marked
as Stage 1-3 in this figure. The power and control challenges associated with each
of these stages are explained below.

Stage 1 Challenges: The converters in this stage has a DC input voltage of
380V and an output voltage of 12V [9]. For the 48V-based data center, however, the
input DC voltage in 400V and the output voltage is 48V [9]. The switching frequency



is selected around 100KHz and typically, modular multi-phase LLC or Dual-Active-
Bridge converters are used for data center applications [9]. Stage 1 is characterized
by high input voltage and high load current levels. Also, the voltage gain of this
stage is considerably high. This increases the voltage and current stresses of the
system components and increases the failure risk of the system. Besides, achieving
a good efficiency level becomes more difficult in Stage 1. Most importantly, in a
conversion system with a high voltage gain and high nominal voltage and current
values, passive components must have larger sizes to achieve acceptable ripple levels.
This decreases the variation rates of voltages and currents in the converter during
transient periods. As a result, the converter dynamics is degraded. Concluding all
these, the challenges in Stage 1 include achieving good efficiency, reliability, and
dynamics at the same time.

Stage 2 Challenges: DC-DC converters in this stage convert a 12V input volt-
age to either a 3.3V or a 5V output voltage inside the motherboard of a computer
in a data center. The switching frequencies of these converters are also in the range
of 100-200KHz. All load steps at points of the load such as the loads 1-6 in Fig.
1.1, are summed up and seen as a single large load step by the converters in stage 2.
Also, the equivalent load resistance seen by the output node of these converters is
equal to the paralleled combination of the load resistances of each individual load.
Therefore, the total load resistance value for power converters in stage 2 is small.
As a result, the system damping is reduced and the overall recovery time of the sys-
tem from a transient is increased. Therefore, the supply voltages for the processor
loads remain either higher or lower than their reference values for longer periods of
time, which can cause the processors and other loads to either get damaged or stop
working. In fact, in stage 2 converters, the main challenge is the slow dynamics of
the system.

Stage 3 Challenges: The converters in this stage convert a 3.3V input voltage to
an output voltage in the range of 1-2.5V [19]. Their switching frequency is normally
selected around 1MHz and their maximum load current is around 1A [19]. Stage 3
converters are characterized by their low-voltage low-current level features. As these
converters directly deliver the power to processors, they need to provide the fastest
possible dynamical profile. This way, processors do not face any speed limitations
during operating, from the power management point of the view. Hence, the main
challenge in stage 1 is to improve the dynamical performance of the system in load
steps.

As mentioned above, the most important challenges for power management sys-

tems used in data centers communicating with portable electronic devices include
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efficiency, power density, and the speed limitation of the system due to load steps.
The architecture of the power management system and the controller used are the
two main factors affecting power density, load step dynamics, and efficiency [26].
There are two power management architectures used in 48V-based data centers
which are called single-stage and multi-stage systems [20, 26, 27, 28, 29, 30]. In
single-stage systems, just one DC-DC converter is used to convert the 48V DC bus
voltage to 1V [26]. In the multi-stage system, however, several DC-DC converters
are cascaded to form the power conversion system [26]. The first conversion stage
converts the 48V input voltage to 12V, and the remaining voltage regulators convert
this 12V voltage to voltage levels needed by the loads (ex. 3.3V, 1V,etc.) [24]. In
the single-stage architecture, the dynamic response of the system is improved in
load steps, at the cost of lower power density and lower efficiency [26]. In contrast,
multi-stage structure increases the power density and efficiency of the system, at
the cost of degraded load transient responses due to large load steps [26]. Fig. 1.2

illustrates the structure of multi-stage and single-stage systems.

1.2 Literature Review

This section presents a literature review for control system solutions associated with
power converters dealing with fast dynamic loads in data centers. The discussed
solutions in this section are proposed in the literature to solve the challenges men-
tioned in the previous section. The contents of this section are presented in four
different subsections, including DC-DC converter controllers for small load steps,
DC-DC converter controllers for large load steps, and controllers for modular DC-

DC converters.



1.2.1 Review of DC-DC Converter Controllers for Small
Load Steps with Fast Dynamics

This section presents an introduction on DC-DC converter controllers used in stage
3 of the power management system in a center. To improve the load transient
responses of low-power small load step DC-DC converters, one approach taken in the
literature is the simultaneous usage of simple controllers and auxiliary circuits [18,
31, 32, 33]. Such auxiliary circuits can increase the converter’s cost and complexity.
These circuits use either coupled inductors [31], or an auxiliary inductor in parallel
[18, 32] or series [33] with the converter’s main inductor. This is done to increase
the slew-rate of the main inductor’s current, during load transients.

As auxiliary circuits add to the cost and complexity of the system, if possible
it is desired to enhance the dynamics using only control systems. For example,
typical non-linear controllers such as model-predictive controllers (MPC) [34],[35],
adaptive controllers [36], and intelligent controllers [37] are proposed to improve the
load transient responses. Although model predictive control systems are interesting
for fast response applications, the design methodologies are not very systematic.
Moreover, overall transient responses, load step change recovery time [34] and over-
shoot /undershoots [35], are not superior compared to other existing methods in the
literature [19], [38]. In comparison with other methods such as [19], [38], adaptive
controllers [36] exhibit longer recovery times. It should also be mentioned that in-
telligent controllers seem to be complicated and sometimes cannot be designed in a
systematic way [39] and a formal proof of stability for such methods is not possible.
Although typical non-linear control systems can be powerful tools for special appli-
cations, according to the existing literature for fast load transients, they have not
shown very optimum dynamics and they normally compromise one of the control
objectives such as overshoots and settling times.

To achieve fast transients, high-performance minimal dynamic control methods
such as [19],[38],[40, 41, 42, 43, 44, 45] are proposed, which are specifically con-
structed and designed, based on the requirements of the applications. An active
ramp tracking control is proposed in [19], which provides fast load transient re-
sponses. Still, steady-state errors in output voltage are sometimes observed, when
the load current varies largely. In [38], an improved I? controller is proposed that
requires auxiliary circuits, resulting in a higher cost of converter. A peak-capacitor-
current pulse-trained controller is proposed in [40], which provides good perfor-
mances for wide load range applications. However, in some cases, the ripple levels
of the output voltage can become large. A second-order sliding mode controller is

presented in [41], where the switching frequency is a function of inductor’s value
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and its variations can reduce controller’s robustness. A relatively complex digital
controller with cycle-controlled DPWM is designed in [42]. Also, a constant-on-time
controller with pseudo-wave tracking technique is developed in [43], which provides
fast load transient responses. In this method, an operational trans-conductance am-
plifier is used, which increases converter’s cost. Time optimal controllers are also
used to improve the load transient responses of buck converters. These controllers
rely on either circuitry approaches or the theory of time-optimal controllers. Two
time optimal controllers are proposed in [44] and [45], based on capacitor charge bal-
ance technique. Although the load transient responses provided by these controllers
are fast, the associated recovery times can be large for some large load variations.
A low-cost digital implementation of the capacitor charge balance technique is pro-
posed in [46]. However, the load transient responses can become slow for larger load
steps. Finally, digital geometrical controllers based on time-optimal control theory
are developed in [47, 48, 49, 50, 51|. However, these methods may result in large
overshoot /undershoot levels for some load variations.

Depending on the feasible operation modes, fast transient response controllers in
the literature may operate only for DCM [52, 53, 54], only for CCM [19, 38, 1], or
for both modes of operation [40]. Linear control design approaches such as bode
plots or system transfer functions are widely used in the literature. In these design
methods, there is no closed-form solution to determine control parameters and the
results cannot be used for different sets of converter parameters. Moreover, in such
approaches, it is not clear how optimal the system performance is and how much

the system can tolerate the converter parameter uncertainties and variations.

1.2.2 Review of DC-DC Converter Controllers for Large
Load Steps

This section provides a literature review on the existing controllers which are used
to control stage 2 converters in the power management system of a data center. DC-
DC converters with good performance characteristics and suitable dynamic profiles
are desired for many applications with either high or low load current levels [2].
Data centers are one of these applications, which perform the operational duties
of portable electronic devices [20]. The communications among these data centers
and the associated portable electronic devices are established through cloud services
[20]. To be able to fulfill operational requirements, data centers are equipped by a
large number of fast speed processors [20]. Many of these processors are operated
randomly and sporadically and these changes act as load steps in the system. The

voltage regulators respond to these load steps by entering into a transient period
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and recovering from it after a number of switching cycles. This can limit the speed
of data centers.

Stage 2 converters in the power management system of a data center convert a
12V input voltage to either a 3.3V or a 5V output voltage inside the motherboard of
a computer. All load steps at the point of loads in stage 3 converters are summed up
and seen as a single large load step by stage 2 converters with low equivalent output
resistances, as opposed to higher equivalent resistances for stage 3 converters. The
higher resistances in stage 3 are obtained as each of stage 3 converters are connected
to a single smaller load. Due to the higher load resistances of stage 3 converters, the
system damping is high and simple control without auxiliary circuits can provide
satisfactory transient responses as discussed in [19, 55, 56, ?] for various applications,
such as wireless portable devices [19, 7.

For the stage 2 converters where large load steps occur at high frequencies, DC-DC
converters are required to handle higher load current levels [3]. In these converters,
the typically-low values of load resistances reduce systems’ damping, creating slow
load transient responses. Also, the dynamical profile of a stage 2 converter is im-
pacted by the load resistance and may be significantly changed during large load
steps in this stage. As a result, controller design for stage 2 converters becomes a
challenge and stage 3 converter controllers such as [19, ?] may not maintain their high
performances, if they are applied to stage 2 converters. To solve this problem and en-
hance system dynamics, widely adopted approaches in the literature include adding
auxiliary circuits during the transient periods [2], [3, 57, 4, 58, 59, 60, 61, 62, 63], or
using more complex and high-performance controllers [64, 65, 19, 66, 67, 68].

Some of the existing auxiliary circuits reduce the total inductance of the converter
during transients [3, 57, 4, 58, 59, 60]. This approach achieves better load transient
responses by increasing inductor current’s rates of variation [57]. Auxiliary circuit
currents are injected to or drawn from the load side in [3] to improve the response
at the expense of efficiency degradation [3]. In another approach, an inductor is
inserted in parallel with the main inductor during transients [57]. Although this
method improves the dynamics, it increases overshoot levels in the main inductor’s
current. Auxiliary currents are injected to the load using a parallel buck converter,
resulting in fast system dynamics [4] at the expense of duplicating the power cir-
cuit. The buck converter’s inductor is replaced by a flyback-based converter in [58].
This approach requires an auxiliary circuit with a similar power rating compared to
the main circuit. Using the capacitor charge balance control and a series auxiliary
inductor in [59] resulted in major dynamic improvements. However, large instanta-

neous variations and overshoots in inductor current and output voltage can be ob-



served. An improved topology of inductor-switching DC-DC converter is proposed
in [60], with higher efficiency and reduced overshoot/undershoot levels. However,
the number of passive components are increased, resulting in higher energy storage
requirements. Other methods to improve converter’s dynamics include changing the
resistance value seen by the converter’s output terminal [61], and inserting a current
source branch at the load node [62, 63]. Although the auxiliary circuits generally
improve load transient responses, they increase system’s cost and complexity and
normally introduce additional losses [61], along with more complex control [63], and
possible stability issues [62] due to switching the power auxiliary circuits on and off
repetitively.

High-performance controllers are also proposed to improve converter’s dynamics
(64, 65, 19, 66, 67, 68]. However, the levels of dynamics improvements are limited for
large load steps. The proposed controllers can be classified into three categories. In
the first category, linear controllers based on feedback and feed-forward are proposed
(64, 65]. The system dynamics is a function of the load resistance value and is
changed considerably in large load steps. Therefore, a single linear controller cannot
achieve suitable dynamic responses for such load steps. The second category of
controllers either maximize or minimize the duty cycle during transients [19, 66].
Although this approach makes system dynamics faster, it leads to step changes
in the duty cycle, which in turn create new transient states in the system. As a
result, the system dynamics becomes slower than expected. Finally, another category
belongs to the family of I? controllers [67, 68|, which can enhance system dynamics
considerably. This approach normally requires compromises between the stability of

the system and its steady-state performance indicators such as ripple levels.

1.2.3 Review of Controllers for Modular DC-DC Converters

This section provides a literature review on controllers and their requirements in
modular DC-DC converters with fast dynamic loads. Today, modular DC-DC con-
verters are used in applications such as data centers, HVDC transmission systems,
electric vehicles (EV), and traction applications [17, 69]. In this subsection, the focus
is on stage 1 converters in the power management system of a data center. Gen-
erally speaking, using several DC-DC converters instead of a single one to transfer
power from source to the load or vice-versa, reduces voltage and current stresses on
each converter. In such a case, if each converter is controlled separately, a modular
system with higher reliability will be obtained. Common system configurations in-
clude input-series-output-parallel (ISOP), input-parallel-output-series (IPOS), and

the input-series-ouput-series (ISOS) connection schemes [17, 70], where the parallel
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and series connections reduce current and voltage stresses on each module, respec-
tively [17, 69, 70]. In a modular DC-DC converter system, the topology used for con-
verters may vary depending on the application. These topologies normally provide
galvanic isolation between the input and output. In this regard, Dual-Active-Bridge
(DAB) converters are widely used as the main building blocks of modular DC-DC
systems, due to their high power densities and bi-directional power-flow capabilities
(69, 71].

To utilize the full capacity of a modular DC-DC converter system, power sharing
is normally desired to have all modules transfer the same power levels at all in-
stants during transient or steady-state conditions [69, 72]. For ISOP configuration,
all modules share the same input currents and output voltages. Therefore, power
sharing for this configuration can be achieved by input voltage sharing (IVS), and
output current sharing (OCS). Also, depending on the control objective, either one
of output voltage regulation (OVR) or output current regulation (OCR) is normally
required.

To realize IVS and either OVR or OCR in modular DC-DC converter systems, dif-
ferent control methods have been proposed in the literature [17, 69]. A few methods
use well-known control approaches such as Model Predictive Controllers (MPC) and
Sliding Mode Controllers (SMC) [70, 71, 72]. MPC controllers improve system dy-
namics considerably and SMC controllers are robust against parameter mismatches
between modules. However, MPC controllers require knowledge of system parame-
ters to achieve a suitable performance, without which robustness issues may arise.
Also, SMC controllers may create large overshoots/undershoots in applications deal-
ing with high load currents. This is beacuse the sliding surfaces are usually defined
as a linear combination of voltage error signals and their time-integrals and SMC
controller keeps this sliding surface constant over time [72]. Therefore, the voltage
error signals become exponential and as exponential signals cannot have a zero level
at their beginning time instants, large overshoots or undershoots may sometimes be
observed. Peak Current Control method is used in [17] to improve the performances
of modular DC-DC converters. Such controllers are suitable for applications with
fast changing supply voltages [17]. However, applying peak current controllers to
applications with fixed switching frequencies may cause stability issues [73]. In fact,
using peak-current controllers can lead to instabilities due to sub-harmonics, chaos,
bifurcations, and duty cycle saturation phenomena [74, 73, 75].

Other methods in the literature use linear controllers and master/slave or cross-
duty cycle structures [6, 76, 77]. These controllers mitigate isolation issues in de-

signing sensors, and enhance dynamic responses of the system and they have simple

10



control structures [6, 76, 77]. However, they require communications between dif-
ferent modules, reducing the system reliability. Other controllers rely on solving
non-linear control equations to find the required duty cycle, where the non-linear
equations include the non-linear voltage/current gain equations [69, 71, 78]. These
controllers enhace the dynamic responses of the system considerably and provide
fast transient responses with low overshoots/undershoots. However, they need to
estimate system parameters to provide accurate power sharing between modules,
which might make system operation and controller structure complex.
Droop/Inverse Droop controllers and gradient-based control methods are also
used to improve the performances of modular DC-DC converters [7, 16, 79]. These
controllers have simple structures and they improve the dynamic characteristics of
the system. However, as they build a linear relationship between DC link voltage
errors and output voltage errors, they create trade-offs between input voltage shar-
ing and output voltage regulation. Applying common duty-ratios to all modules
is another control approach for modular converters [80, 81, 82]. Although these
methods provide simple control structures, they cannot provide satisfactory power
sharing between modules at steady-state, in case the parameter mismatches between
modules are significant [69, 83, 84]. Instead of relying on control systems, some ap-
proaches propose topological modifications to modular DC-DC converters, to realize
power sharing and output voltage regulation [85, 86, 87, 88]. Some use voltage equal-
izing circuits in parallel with the DC link capacitors of different modules [85]. in
other approaches, switched-capacitor circuits and buck-boost balancing circuits are
connected [86] to the input sides of modules. Alternatively, it is also shown that
power sharing can be achieved by common mode coupled inductors [87], or flying
capacitors [88]. The topological modifications made above realize systematic power
sharing and increase the modularity of the system. However, they increase the

system complexity and cost.

1.2.4 Review of Controllers for Input-Series output-Series
DC-DC Converters

This subsection discusses the proposed control systems in the literature for Input-
Series Output-Series (ISOS) DC-DC converters. Today, power conversion systems
with high voltage level requirements are demanded in many applications. Instead
of relying on a single conversion unit, these systems use several converters to form
modular structures, realizing system-level objectives more efficiently. In particular,
the Input-Series Output-Series (ISOS) modular structure is preferred for systems

with both high level input and output voltages. In ISOS configuration, switches
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with lower voltage ratings may be used in the converter development process [89].
The cascaded structure of the ISOS configuration increases modularity, reduces the
maintenance cost [90], and enables systematic expansion of system functionalities
[91]. Finally, as system components need to tolerate lower electrical and thermal
stresses in ISOS, the reliability is increased [91].

The advantages mentioned make ISOS DC-DC conversion systems a perfect so-
lution for space exploration systems [90], solid state transformers [91, 92|, DC trans-
formers [91, 92], and subsea distribution systems [93]. Some of control challenges
associated with ISOS DC-DC converters include power sharing among modules
[89, 90, 91], and stability issues [89]. Also, controllers applicable to other modu-
lar configurations might fail to guarantee a stable system operation in ISOS [89].

For accurate power sharing among modules in an [SOS system, some of the ex-
isting approaches use auxiliary circuits or special converter topologies with natural
power sharing [90],[94, 95, 96, 97, 98]. These circuitry approaches increase system’s
modularity and reduce the control burden. However, they either increase the cost
and complexity of the system or may be unable to achieve some features such as
high power densities, or bidirectional power flow. [90] uses a parallel branch includ-
ing a MOSFET and a coupled inductor for power sharing, and is applicable to all
topologies [90]. However, the auxiliary inductors increase magnetic losses. [94] and
[95] achieve power sharing using paralleled MOSFETSs, and a MOSFET-inductor
combination, respectively. Although these approaches are systematic, they increase
the number of circuitry components as well as cost and losses for a high number
of modules. [96] uses a full-bridge based topology for natural power sharing with
reduced control burden. However, large-sized input capacitors are required, slowing
down input voltage sharing dynamics. [96]. [97] uses a flyback-based topology for
power sharing, which limits efficiency in high power applications due to an increased
number of diodes used [97]. Finally, [98] proposes a two-transistor forward converter
achieving active power sharing. However, as additional magnetic couplings between
modules are required, the transformer’s and converter’s volumes are increased.

Control methods are also used in the literature for power sharing in an ISOS struc-
ture. The duty cycle applied to a specific module in one of these control classes is
generated by processing the voltage/current signals of all other modules except that
module itself [89, 99]. These controllers avoid sensing high-level input voltages [99]
and enhance system dynamics [99], while reducing reliability due to communications
among modules. Another control class uses droop/ inverse droop and gradient-based
control methods for power sharing [100, 101, 102]. Although these controllers provide

a distributed system with increased modularity [100], they create trade-offs between
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input voltage sharing and output voltage regulation. Peak-current controllers with
effective rejection of input voltage disturbances are proposed in [8, 103]. However,
implementation delays and reduced reliability arise from inter-modular communica-
tions the controllers require [103].

Some of existing controllers need system model or parameters for power sharing,
reducing system robustness [104, 105, 106]. [104] uses model-predictive controllers
with enhanced dynamics and reduced costs [104, 105]. [105] proposes a tunable power
sharing method, and [106] provides new hot plug-in and out features. Miscellaneous
methods such as applying a common duty ratio to all modules [107], or modular
decoupling are also proposed [108]. The first method has a simple structure [107]
with sensitivity to parameter mismatches among modules, and the latter requires
inter-modular communications. The next section discusses the proposed solutions

in this dissertation.

1.3 Proposed Solutions

This section briefly discusses the main concepts regarding the solutions proposed in
this dissertation to address the challenges mentioned in the previous sections. In
this section, only general concepts and main ideas are presented and further details
will be presented in the next chapters. In this section, the proposed solutions are

provided in three different subsections.

1.3.1 Identical States Dynamics Control

This subsection briefly discusses the proposed controller to improve load transient
responses of DC-DC converters with small load steps.

Generally speaking, the bahavior of a DC-DC converter can be described by a non-
linear state-space representation, if capacitors voltages and inductors currents are
selected as state variables. In a typical DC-DC converter, some of the state variables
associated with the system have faster dynamics than the others. For instance, in
a buck converter, the inductor current passes through a parallel R-C branch, to
generate the output voltage. As the impedance of this R-C branch converges to zero
at high frequencies, it can be understood that the capacitor voltage waveform is
obtined by applying the inductor current signal to a low-pass filter. Therefore, the
inductor current has faster dynamics, compared with the capacitor voltage. This
issue implies that if a disturbance such as a load step or an input voltage step occurs
in a closed-loop converter system, different state variables reach their reference values

through different dynamics. This issue causes the dynamical profile of the system to
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Figure 1.3: Illustration of the Concept of Identical State Dynamics Control

be limited by the state variable with the weakest dynamics, or i.e. the state variable
with the slowest dynamics in the system.

To solve this problem, a controller is proposed in this dissertation which uses a
control law to force similar dynamics for all state variables in the system. This is
achieved by analyzing the converter topology, finding the state variables with the
fastest and slowest dynamics, and finally enforcing identical dynamics to these two
state variables. If the dynamics of the slowest and fastest state variables are equally
fast, then all other state variables in the system will also have the same dynamics
as these two state variables. If the state variables with the fastest and the slowest
dynamics are denoted by z; and x,, and their corresponding reference values are

given by ¢ ,ef, Ts ref, the control objective is to make (1.1) valid at any time instant.
l’f - xf,ref = K([L'S - $s,ref)- (11)

In (1.1), K is a control parameter by the aid of which the dynamics of load
transient responses in the converter can be controlled. In general, according to the
Nyquist Stability Theorem, the settling time associated with a state variable in a
converter cannot become less than 27, in which T} is the switching period. If this
settling time is going to become less than this value, the system will become unstable.
Therefore, the settling time associated with x, can never reach 27, in normal cases,
as the settling time associated with x; will become less than the stability threshold

and the system becomes unstable. However, using the controller proposed in this
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dissertation, the value of K in (1) can be selected such that the recovery times
associated with z; and z; are both equal to 27. Therefore, the dynamics of x5 which
is the output voltage in most cases, can be optimized, without compromising the
system stability. The main concepts regarding the proposed controller are reflected
in Fig. 1.3.

As Fig. 1.3 illustrates, ¢ and x; in an open loop system reach their steady-state
values through different dynamics. However, once the proposed controller is applied
to the converter, z; and x; both converge to their reference values through similar
dynamics. All the other remaining state-variables inherit the dynamical profile of

xy and xg, in the proposed closed-loop system.

1.3.2 Decoupling Converter Dynamics from the Load

This section presents the approach proposed to improve DC-DC converter dynamics
in large load steps. In DC-DC converter applications such as electronic portable
devices, the load current values are small and small load steps occur in the system.
Therefore, the load resistance values are relatively high enough to damp the distur-
bances created by small load steps. In DC-DC converter applications with large load
steps, however, the maximum load current levels are typically high. This causes the
load resistance values to have small values in high level load currents. As a result,
the system damping level is low and thus, the disturbances created by large load
steps cannot be easily rejected with the existing controllers. In fact, the converter
dynamics is a function of load resistance and this degrades the system dynamics in
DC-DC converter applications with large load steps.

To solve this problem, this dissertation proposes a controller that decouples the
output voltage dynamics from the load resistance value, when the proposed con-
troller is applied to the converter. In fact, a differential equation can be written for
the output voltage, when the proposed controller is applied to the converter. The
purpose is to eliminate all terms which are functions of the load resistance value in
this differential equation. This way, the converter shows a similar behavior for both
small and large load steps. Fig. 1.4. presents the main concepts discussed in this
subsection. In this figure, v;, is the input voltage, v, is the output voltage, d is the
duty cycle, v, cs is the reference output voltage, R is the load resistance, and e is
the output voltage error. The basic concept is to derive a differential equation for
the output voltage, v, = f(vin, R), when the proposed controller is applied to the
converter, and to eliminate all terms which are functions of the load resistance value
in this differential equation to achieve v, = f(v;,) as shown in the figure. This way,

the converter shows a similar behavior for both small and large load steps.
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1.3.3 Control Approach for Modular Fast Dynamic Load
DC-DC converter

This section presents a new distributed control approach for modular ISOP and
IPOS DC-DC converters specifically when fast dynamic loads are considered. This
approach is extendable to IPOP/ISOS configurations, as well. For a single DC-DC
converter in a modular configuration and a specific power flow direction, a converter
duty cycle, denoted by d, can be defined such that the transferred power is increased,
when d increases. Fig. 1.5(a) shows a Modular ISOP DC-DC Converter System
containing N modules and Fig. 1.5(b) shows the general structure of the proposed
controller.

In Fig. 1.5, the following notations are used: Cj is the value of DC-link capacitors
for different modules, vej, 0 < j < N 41 is the voltage across the DC-link capacitor
of the j-th module, N is the number of modules, i;,;, 0 < j < N + 1 is the input
current of the j-th module, i,;, 0 < j < N + 1 is the output current of the j-th
module, C, is the output capacitor, ¢, is the load current, v;, is the input voltage,
and L, is the output-side inductor. Also, v, denotes the output voltage and dj
denotes the duty cycle associated with the k-th module. Moreover, vc yer and %, ref
denote the reference values for vg; and 1, respectively.

Fig. 1.5(b) shows the general controller structure. In this figure, f is a nonlinear
function of ve; and 4,, and one of the control objectives includes regulation of vy
and ¢,. In other words, it is desired to have ve; = Vo ref, % = %ores, in steady-state
conditions. Therefore, at steady-state, f(vci,io) = f(Voref,torer). Let us assume
that the amount of instantaneous power transferred by the k-th converter is denoted
by pi(t). As it was stated earlier, dj is defined so that py(t) increases by increasing
di. The proposed controller in Fig. 1.5(b) is composed of two parts: the Nonlinear

function error or i.e. f(vei,io) — f(Voref, loref), an integrator which forces the error
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Figure 1.5: (a) ISOP DC-DC Converter System (b) General Controller Structure

generated by the first part to be equal to zero at steady-state. Let us denote the load
power by p,(t) and assume that the power is being transferred from the input side
to the battery. In this case, if for example p,(t) is greater than its reference value,
excessive power is being transferred to the load and to reduce this excessive power,
every module such as the k-th module needs to adjust its contribution by reducing
pi(t) through dj, reduction. To this end, the function f should be chosen such that the
controller properly adjusts di. To select the f function, first it should be determined
whether each of the controller variables including v¢; and 4,, has a proportional or
an inverse relationship with p;(t), that is the transferred power by the i-th module.
For example, in the converter shown in Fig. 1.5(a), i, is proportional to p; and v¢;
is inversely proportional to p;. Next, f should be selected such that for example in
our discussed case, f(vei,i,) is reduced if there is excessive p,. This way, if there is
extra output power during a transient, the signal integrated to produce d; will have a
negative sign and d; will be decreased, resulting in the reduction of p;(¢). It is worth
mentioning that for an accurate system performance, the f function must be selected
in a way that f(vci,io) = f(Vcref, loref) guUarantees vy = Vcoyref,io = loref. Lhis

way, appropriate power sharing among the modules and voltage/current regulation
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are achieved at the same time.

The integrator in the proposed control structure increases the system’s robust-
ness and ensures appropriate power sharing among the modules, even in the pres-
ence of considerable parameter mismatches among the modules. Also, the proposed
controller does not use the values of circuitry parameters, reducing the effect of pa-
rameter uncertainties. In the next chapters, it will be shown that the value of the
f function is proportional to ve;. This increases the sensitivity of the f function to
the differences between the DC link voltages of different modules. Also, the inte-
grator provides a more robust control performance. So, the combined usage of the
f function and the integrator significantly reduces the maximum power mismatches
among the modules in the transient period and provides a better power sharing, in
the transient period. It is worth mentioning that the proposed controller is appli-
cable to all modular ISOP/IPOS/ISOS/IPOP DC-DC converters, regardless of the

topologies used for each module.

1.4 Investigation of Data Center Power Conver-
sion Archietectures

So far in this chapter, a specific data center power conversion archietecture has
been inbestigated. This section presents a literature review on other common power
distribution architectures in a data center.

One of the conventional power architectures in data centers uses an AC-based
system to transfer power from the grid to the data center equipment [10, 109, 11].
In this architecture, a UPS system composed of a rectifier and an inverter convert
the grdi voltage to a 100-200V AC voltage [10, 109, 11]. This AC voltage is then
applied to ICT (Information and Computer Technology) equipment, including the
data center and CPU racks [10, 11]. There are two operational challenges regarding
this architecture, which motivates using alternative power architectures for data
centers. The first challenge is that the DC nature of UPS batteries does not allow
them to be directly connected to ICT equipment, which in turn results in reduced
system reliability [10, 11]. The second challenge is the high number of converters
required to interface the grid with CPU racks in the data center [10, 11]. In other
words, in the AC-based architecture, two rectifiers, one inverter, and one DC-DC
converter is required to supply power to CPU racks [10, 11]. This will reduce the
efficiency and reliability at the same time [10, 11].

To tackle these challenges, an option is to substitute the AC-based system with
a 48V DC data center architecture [10, 11]. The schematic of this system is shown
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Data Center [10, 11] : (1) is for Normal Operation, (2) is for Supply Outage

in Fig. 1.6 [10, 11].

As Fig. 1.6 shows, the power is transferred to the data center equiment using a
UPS system, which is composed of a rectifier and a battery [10, 109, 11]. During
normal operational mode, the grid supplies power to the load side [10, 109, 11].
However, as soon as there is a grdi outage, the battery starts transferring power
to the data center equiement [10, 109, 11]. In this regard, the arrows marked as
(1) and (2) in Fig. 1.6 correspond to normal operation mode and supply outage
mode, respectively. It is known that the total load power demands in data center
applications is constantly increasing, Therefore, if the DC link voltage is set at a
low voltage of 48V, the bus current will become too high, necessiating installation
of larger-sized cables with more copper usage [10, 11]. Therefore, the conventional
trend is to substitute the power conversion system shown in Fig. 1.6 with a HVDC
400V system [10, 109, 11]. This way, the high voltage DC link causes the bus current
to decrease, leading to easier cable installations [10, 11]. The schematic of the HVDC
400V DC power architecture for data center application is shown in Fig. 1.7 [10, 11].
This figure corresponds to a case in which the load voltages are not required to vary
in a narrow range [10, 11]. It is worth mentioning that in a HVDC data center, the
DC link may sometimes be selected as 380V instead of 400V [109].

19



S UPS [ Data Center Equipment |
A Transformer i_lg_;ﬁ____—ﬁ)—ﬁ%oc\j/! s | [Procesor I
Grid ( ﬁ > I ectiner ©) i ) Racks |
o e e

DC-DC

VRM

{ Charger
Battery

Figure 1.8: Structure of the Power Management System in a HVDC 400V DC based
Data Center with Narrow Variation Range for Load Voltages [10, 12] : (1) is for
Normal Operation, (2) is for Supply Outage

As it is evident, the basic features of a 400V HVDC system is the same as the
48V DC system [10, 11], except for lower bus currents and installation costs in the
400 V HVDC system [10, 11]. If the load voltages need to be restricted in a narrow
variation range, the data center architecture of 400V HVDC needs to be modified
as shown in Fig. 1.8 [10, 12]. In this architecture, the 400V HVDC bus is controlled
using a DC-DC voltage regulator [10, 12].

One of the important aspects of power converters in data center applications is
their efficiency [110]. The efficiency of these converters are degraded when load
voltages are of low levels [110]. Therefore, a method proposed in the literature to
handle this situation is to control th amount of power transferred to the load from
the grid adaptively, using data center load conditions in real time [110]. This way,

the performance of the data center is further optimized [110].

1.5 Research Objectives

This research aims to propose alternative controllers to improve the performances
of single and modular DC-DC converters in transient and steady-state conditions.
The main goals of this research can be summarized as follows:

1. To develop a new controller to improve the load transient responses of DC-
DC converters for small load steps with fast dynamics. The load transient response
improvements are going to be achieved for DC-DC converters used in Stage 3 con-
verters in the power management system of a data center shown in Fig. 1.1. They
can also be used in low-power applications such as portable electronic devices, and
etc.

2. To propose a controller to enhance DC-DC converter dynamics and increase
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system’s damping levels in large load steps. The dynamic enhancements are going
to be accomplished for DC-DC converters used in Stage 2 of the power management
system of a data center as shown in Fig. 1.1.

3. To present a control system for modular ISOP/IPOS/ISOS/IPOP DC-DC
Converters. Specific goals include improving power sharing among modules in tran-
sient and steady-state conditions, appropriate voltage/current regulation, and re-
ducing the sensitivity of the control system’s performance to parameter mismatches
among the modules and parameter uncertainties in the system. The presented con-
trol scheme can be used in the Stage 1 of the power management system of a data

center, as shown in Fig. 1.1.

1.6 Dissertation Outline

This section provides an outline of chapters 2-5 in this dissertation. In Chapter
2, a new controller is proposed to improve the load transient responses of DC-DC
converters in Stage 3 of the power management system in a data center, as shown in
Fig. 1.9. This chapter provides simulation and experimental results to validate the
controller’s performance. Also, comparisons are made between the performances of

the proposed controller and other controllers in the literature.
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Chapter 3 proposes a new controller to enhance system dynamics in DC-DC
converters of Stage 2 in Fig. 1.9. In this chapter, the controller’s performance is
validated by simulation and experimental results. Also, the controller’s performance
is compared with other existing ones, to show the effectiveness of the proposed
controller.

An new controller is proposed in Chapter 4, to improve the performances of mod-
ular ISOP/TPOS DC-DC converters, in terms of voltage/current regulation, power
sharing among the modules, and load transient responses in the system. Simulation
and experimental results are provided in this chapter to validate the controller s
performance. Also, comparisons are provided to illustrate the suitable performance
of the controller. The proposed controller is used in Stage 1 converters in Fig. 1.9.

In chapter 5, the controller proposed in chapter 4 is applied to ISOS and IPOP
DC-DC converters, to show the effectiveness of the controller for these structures.
Also, a framework is proposed to analyze the closed-loop response of modular DC-
DC controllers. The presented framework is then formulated for ISOS Dual Active
Bridge converters controlled by the system proposed in chapter 4, as an example.

Finally, chapter 6 will provide a summary of the dissertation and will suggest

directions towards which this research can be continued and extended.
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Chapter 2

A Novel Control Approach to
Achieve Fast Load Transient
Responses in DC-DC Converters

This chapter proposes a controller to achieve optimal dynamics for point-of-load
(POL) connected DC-DC converters in power management system of a data center.
As discussed in Chapter 1, these converters belong to power conversion stage 3 in
a data center and frequently deal with small load steps. The proposed controller in
this chapter is developed based on the concept of Identical States Dynamics Con-
trol, which is discussed in section 1.3.1 of Chapter 1. The proposed controller can
achieve load transient responses with recovery times of less than one switching cycle
and low overshoot /undershoot levels. From the discussions in section 1.2.1, it can be
concluded that the compromises between control objectives, controller stability, and
the possibility to design the controller systematically, are among the most important
concerns in designing a controller to achieve optimum load transient responses. To
address these concerns, this chapter proposes a design methodology and a new con-
troller, which is specifically constructed to provide optimum load transient responses
for DC-DC converters dealing with small load steps. This controller is developed for
two different operation modes: Continuous Conduction Mode (CCM), and Discon-
tinuous Condition mode (DCM). It is shown that the load transient responses are
negligible in CCM, and fast transient responses with small overshoots/undershoots
are observed in DCM. Unlike some of the existing methods, the proposed controller
does not require any additional auxiliary components, which reduces the total cost
of the converter. Using the proposed controller, there is no steady-state error in
the converter’s output voltage and the voltage ripple levels always remain in the
desired range. Also, the proposed controller has a simple structure and is robust

against various uncertainties in the converter and it is shown that the values for
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voltage recovery time and overshoot/undershoot levels are optimal. Moreover, a
systematic approach is proposed for controller design, that provides closed-form and
optimal solutions. The proposed controller design procedures are applicable and can
be extended to different types of converters, considering the stability and parameter
variations.

This chapter is organized as follows: First, the controller’s derivation, analyses,
and design steps are discussed for the buck converter in CCM and DCM modes
of operation. Next, simulation results verifying the effectiveness of the proposed
controller are presented and it is shown that the controller can be applied to other
DC-DC converters, as well. Finally, experimental results validating the controller’s

performance are provided.

2.1 Chapter Challenges, Literature Review, and
Contributions

2.1.1 Challenges

The architecture of the power management system of a data center is shown in
Fig. 2.1, in which the load-connected DC-DC conversion stage is highlighted by

yellow color. As mentioned in the introduction chapter, DC-DC converters in the
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load-connected power conversion stage of a data center, supply power to different
load types such as processors, memories, etc. These loads operate in various modes
and power levels, including idle and full-power operational modes. At the points of
the load, transitions among power levels and operational modes occur stochastically
at high frequencies. These changes are seen as load steps by DC-DC converters
in the load-connected power conversion stage. The output voltage levels of these
DC voltage regulators deviate from their reference values during the load steps dis-
cussed. As a result, DC voltage regulators need high-performance control systems
to restore their default values with the smallest possible recovery time and over-
shoot /undeshoot levels. Achieving both minimum overshoot and undershoot levels
is necessary to avoid load damages and operational interruptions due to overvoltages
and voltage drops. Also, to minimize controller-related limitations on operational
speed of processo loads, it is important to achieve the minimum possible recov-
ery times. In summary, this chapter aims to propose a new controller to optimize

converter dynamics in power conversion stage 3 highlighted in yellow in Fig. 2.1.

2.1.2 Literature Review

The existing approaches to achieve enhanced load step dynamics for load-connected
DC voltage regulators in data centers are already discussed in detail in section 1.2.1.
As a summary of this section, the existing methods include using auxilary circuits
(ex. [18]), popular controller classes (ex. Model Predictive Control in [34]), and high
performance controllers specifically designed for load step dynamics enhancement
(ex. [19]). The proposed auxiliary circuits modify the converter topology during
load steps, to increase the variation rate of inductor current and reduce recovery
times [18, 31, 32, 33]. Although these auxiliary circuits improve the dynamical per-
formance of the converter, they increase the cost and complexity of the system. Pop-
ular nonlinear controller classes such as model-predictive controllers (MPC) [34],[35],
adaptive controllers [36], and intelligent controllers [37] are reported to effectively
enhance load step dynamics in the literature. However, lacking of systematic de-
sign approaches [39], stability issues, control system complexity, and compromises
between recovery times and overshoot/undershoot levels are among the challenges
faced while using these controllers. Finally, high-performance controlelrs including
Active Ramp Tracking Control [19], I? control [38], peak-current controller [40],
constant on-time controllers [43], and time optimal controllers [44], are specifically
designed in the literature to achieve improved load step dynamics. Achieving fast
load transients [19], and wide load range capabilities [40] are among the benefits

these controllers provide. However, steady-state errors [19], larger ripple levels [40],
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reduced robustness [41], and finally controller performance degradation in large load

steps, are among the existing challenges associatesd with these controllers.

2.1.3 Targets and Contributions

The current chapter in this dissertation aims to propose a controller for load-
connected DC voltage regulators in a data center, to tackle the challenges mentioned
in this section. The main target of the chapter is to propose a controller which can
reach the following targets:

1. Minimizing load step recovery times in power conversion stage 3 of a data
center i.e. load connected converters.

2. Minimizing overshoot /undershoot levels in load steps.

3. Minimizing compromises between recovery times and overshoot/undershoot
levels.

4. Guaranteeing system stability.

and finally,

5. Possibility to design the controller systematically.

Contributions: This chapter proposes a controller to achieve optimal dynamics
for point-of-load (POL) connected DC-DC converters in power management system
of a data center. As discussed in Chapter 1, these converters belong to power con-
version stage 3 in a data center and frequently deal with small load steps. The
proposed controller in this chapter is developed based on the concept of Identical
States Dynamics Control, which is discussed in section 1.3.1 of Chapter 1. The pro-
posed controller can achieve load transient responses with recovery times of less than
one switching cycle and low overshoot/undershoot levels. From the discussions in
section 1.2.1, it can be concluded that the compromises between control objectives,
controller stability, and the possibility to design the controller systematically, are
among the most important concerns in designing a controller to achieve optimum
load transient responses. To address these concerns, this chapter proposes a design
methodology and a new controller, which is specifically constructed to provide opti-
mum load transient responses for DC-DC converters dealing with small load steps.
This controller is developed for two different operation modes: Continuous Conduc-
tion Mode (CCM), and Discontinuous Condition mode (DCM). It is shown that the
load transient responses are negligible in CCM, and fast transient responses with
small overshoots/undershoots are observed in DCM. Unlike some of the existing
methods, the proposed controller does not require any additional auxiliary compo-
nents, which reduces the total cost of the converter. Using the proposed controller,

there is no steady-state error in the converter’s output voltage and the voltage rip-
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ple levels always remain in the desired range. Also, the proposed controller has a
simple structure and is robust against various uncertainties in the converter and it
is shown that the values for voltage recovery time and overshoot/undershoot levels
are optimal. Moreover, a systematic approach is proposed for controller design, that
provides closed-form and optimal solutions. The proposed controller design proce-
dures are applicable and can be extended to different types of converters, considering

the stability and parameter variations.

2.2 Chapter Main Control Concept

This section discusses the general concepts associated with the controller proposed
in this chapter. In a closed-loop power electronic converter, the control input, which
is typically a duty cycle or a phase-shift, starts getting updated as soon as the
converter output level deviates from its reference value. Every such update in the
control input is later on processed by a number of converter components, to reach the
output and contribute to output level modification. These converter components,
including inductors and capacitors, increase the dynamical order of the converter.
Therefore, there is some time delay between control input getting updated based on
output level error, and the consequent output level modification. This time delay
on its own, reduces the dynamical speed of the system and lets the output level vary
independently from the control input updates, for larger amounts of time. There-
fore, this phenomenon results in not only larger recovery times, but also increased
overshoot /undershoot levels.

To reduce this time delay, or equivalently enhance converter dynamics, a possible
approach is to reduce the converter dynamical order. In other words, if the control
input is set to result in identical dynamical profiles for all converter state variables,
this time delay is eliminated and the transient response is improved. In conclusion,

the control objective in this chapter is to achieve (2.1) for each pair of state variables

($i7$j).
T; — JIM«Gf = K(l’] — J,’j’mf). (21)

In (2.1), %y and z;,¢s are the reference values for x; and z;, respectively. As
the proposed controller results in identical dynamics for all state variables of the
converter, the presented controller is called Identical State Dynamics Control in this
dissertation. For the fastest and slowest converter state variables denoted by z; and

x,, Fig. 2.2 illustrates the concept of Identical State Dynamics Control.
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Figure 2.2: Illustration of the Concept of Identical State Dynamics Control

2.2.1 Application of Identical States Dynamics Control in a
2nd Order LTI System

in this part, the goal is to show why the proposed concept of identical state dynamics
control improves system dynamics. For simplicity, this concept is applied to a 2nd
order LTT system with a single control input. If the state variables of a 2nd order
LTT system are denoted by x; and x5, and the control input is denoted by wu, the

state-space representation of the system is given by:
X AH A12 Ty Bl
| = + U. 2.2
According to the concept of identical states dynamics control, the target is to set
u such that:

Ir1 — xl,ref = K(.’EQ — xg,mf). (23)

In (2.3), 21, and x9,.s correspond to the reference values for their associated

state variables. From (2.3), the relationship between #; and #5 can be obtained as:
a1 = K. (2.4)

From (2.2) and (2.4), the control law is obtained as:
(A — KAp )y + (Arp — KAy
KBy — By '
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Using (2.2) and (2.5), the dynamics of the closed-loop system can be expressed

by:
Z K(A11Ba—b1A21) K(Ai12B2—Bi1A29) T
I — KB>—B KBs—By 1 (2 6)
Zo A11Bo—b1 Aoy A19B2—B1Ago Tol| :
KBs—By KB2—By

The eignevalues of the closed-loop system in (2.6) can be obtained as 0 and
Ny — K(A11Ba—B1A21)—B1Aso+BaAjo
o = KB>—B1

associated with a constant DC level, 21 = 21 ,¢5 + aie

. Considering the fact that an eignevalue of zero is
Aal and Tg = Tgep + age.
In other words, the closed-loop system is equivalent to a first order system with a
time constant of ;—Ell By appropriate selection of K, the dynamical speed of the

closed-loop system can be adjusted.

2.3 Controller Formulation and Basic Concepts

In this section, to clarify the basic concepts, the proposed controller is investigated in
a buck converter. For this purpose, the derivation, analysis, and design procedures
of the proposed controller are discussed in a regular buck converter for CCM and

DCM operating modes.

2.3.1 Proposed Controller in CCM

Principles and Derivation

Fig. 2.3 illustrates the circuit schematic of a buck converter and the proposed
controller’s block diagram. In this figure, v, is the output voltage, i, load current,
iz, inductor current, d the duty cycle, and v;, is the input voltage. Moreover, v, yef

denotes the reference value of the output voltage.

Figure 2.3: (a) Schematic of regular buck converter and (b) proposed controller in
CCM

In the steady-state condition, the mean value of inductor current is equal to the
load current (I, = Ip and it is desired that v, = vy er. Thus, if s which is the
reference value for the inductor current must be equal to v"’TCEf, which is the load
current in steady-state conditions. It is worht mentioning that the value of R is
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measured by f—z, since the proposed controller makes the inductor current reach the
load current in just one switching cycle. THis issue is clarified in the next subsection.
Once iy, .y is calculated by the controller, it is subtracted from the inductor current
and this error is fed into a proportional-derivative controller and the result is added

Vo,ref

to , which is the nominal voltage gain of the buck converter at steady state. The

feedl;;ck in this structure compensates for the parameter uncertainties and parasitic
components and regulates the output voltage.

At the instant of a load change, the controller changes the duty cycle to make
the output voltage equal to its reference value. Before the output voltage sees the
effect of the duty cycle, the inductor current is affected by the duty cycle change.
Moreover, the inductor current passes through a parallel RC branch, in order to
create the output voltage waveform. Since the impedance of a parallel RC branch
converges to zero at high frequencies, this parallel branch acts as a low-pass filter,
and the output voltage is varied on average by the low-frequency components of the
inductor current. Therefore, the output voltage reaches its reference value slower
than the inductor current. A faster dynamics for the output voltage can be achieved
by setting the duty cycle such that the output voltage ripple is equal to the inductor’s
current ripple multiplied by a constant K. This way, the output voltage inherits
the fast response of the inductor’s current to a load and duty cycle change. This
is consistent with the concept of Identical States Dynamics Control introduced in

section 1.3.1. Therefore, the proposed controller is based on the idea of achieving

Vo — Voref = K(ZL - Z.L7ref)a (27)

where .
- Vo,ref - 1L Vo ref

Z‘L,ref -
R Uy

(2.8)

It must be mentioned that the main objective of the controller is to make i; reach
i, (which are equal in steady-state), in just one switching cycle. So, it is assumed
that v, = Rij, instead of v, = Ri,. Once the control law is derived, a mathematical
proof is provided to prove that this objective is satisfied.
The KVL and state-space averaging for the buck converter can be utilized to
obtain the basic equation of the converter, which is expressed as:
dir,
’Uind — Vy = L% (29)
It is assumed that at t = 0, there is a load step change and therefore, for all ¢ > 0,
irref 18 constant and its time-derivative is zero. It is worth mentioning that this

assumption does not negatively affect the generality of the proposed controller and
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the method can be well applied to any other load change profile, as well. The
reason is that any load change profile can be seen as a series of consecutive small
instantaneous load steps. Consequently, %i, s = 0, and (2.7), (2.8) and (2.9) are

combined to derive the proposed control law in CCM as:

dlir —i . » .
L% + K(ZL - ZL,ref) + Vo,ref
d= t . (2.10)

Vin

Verification of Assumptions in Controller Derivation

In the previous subsection, it was assumed that i; reaches i, in just one switching
cycle. Now, the objective is to show that using the control law expressed by (2.10),
this is indeed valid. Denoting the deviations of 7, v,, and d from their steady-state

values by 0y, iz, and d, and noting that the steady-state values for these variables

Vo,ref

are =25, Vg ref, and

Vo,ref

wm

, as well as using (2.8), lead to:

(2.11)

The controller parameter and power circuit components must be designed properly
such that U, << v, during a load transient period. If this condition is satisfied,
writing KCL in node P in Fig. 2.3 leads to:

a2, ds, v,

LCR el (R— K)u, =2L

. 2.12
dt Vo, ref ( )

Assuming that Uoi“ef is small enough, the right hand-side of (2.12) can be substituted
by 0. In this way, ¥, and i, become sinusoidal signals with zero means after one
switching cycle and they act as steady-state ripples. This means that using the pro-
posed controller, the system reaches its steady-state condition in just one switching
cycle and therefore, 7, can be substituted by i, in (2.8). To satisfy v, << v ref, the
power circuit and the controller should be designed based on a “Harmonic Analysis”
in section 2.3.1. It is shown in this section that for having small ripple levels, the
values of |K| and C' must be large enough and the inductance L must have a small

value.

State Space Analysis

Combining (2.8) , (2.9), and (2.10), result in the state-space model of:

diL . Vo [Uo,ref — Vo B KZL (Uo,ref - Uo) iLUO,ref ( . Vo )]

dt Vo ref L VoL Cv,2 R

- (2.13)
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dv, —v, 1ir
= —. 2.14
i RC ' C (2.14)
Vo,ref

The equilibrium point of the system, (ir*,v,"), is found as (=%5=, Vorer). By lineariz-

ing the obtained non-linear state-space model around this equilibrium point, the

Jacobian matrix associated with the system is:

1 —R2C4+KRC-L
_ 9)
J = RlC R}ic . (2.15)
C RC

Both eigenvalues of the Jacobian matrix are on the imaginary axis. This can mean
an oscillation and there are no damping effects in the system. If the amplitudes
of these oscillations are minimized using an appropriate selection of inductor and
capacitor and accurate controller design, these voltage oscillations can be treated as

output voltage ripples.

Harmonic Analysis

As mentioned earlier, the output voltage has constant oscillations that appear as
ripples. To find voltage ripple levels, both i;, and v, can be approximated by their
first-order harmonics. In other words, these signals are assumed to have dc com-
ponents (that is the equilibrium point of the system), and sinusoidal components
whose amplitudes and frequencies are unknown. The phase difference between these

sinusoidal ripples is also unknown. In other words, v, and i are expressed as:

Vo ="Ugref + Vasin(wot), ip= U‘Eef + Iysin(wot + ). (2.16)

By substituting these into the state-space equations, the output voltage ripple level

(V) is obtained as:
21)0 ref2 —0.5
Vi=\|—F7——— 2.17
T\ =EEC .25 (2.17)

The following observations may be made from (2.17): (i) to have low voltage ripple

levels, the inductor L must have a small value; (ii) the value of C' should be large
enough to keep the output voltage ripple low; and (iii) the value of K should be
chosen according to the desired voltage ripple level. Frequency and amplitude of
the output voltage ripple can be obtained respectively by (2.12) and (??) and these
equations are verified by the simulations and experimental results. Also note that
K in the proposed controller has a negative value.

Case-Study: In order to show the accuracy of equation (2.17), let us consider a
buck converter with an input voltage of 3.3V, an output voltage of 1.8V, an inductor

of 800nH, a capacitor of 100uF, a load resistance of 1.8(2, and a switching frequency
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of 900KHz. The value of the control parameter K is changed within the range of
[2,200]. The values of V; obtained by (2.17) and computer simulations are compared

in Fig. 2.4. As this figures shows, there is a good consistency between the simulation

Comparison between (2.11)and simulation results

0.2 e ey
- - —Eq.(2.11) | :
0.15 )\,, O FUFUSSSSSR OSSPSR NSNS SONNNS —— Simulation | .:
> \
[of)
i
0 T T T T T T T T T 1
0 20 40 60 80 100 120 140 160 180 200

K|

Figure 2.4: Comparison between the theoretical and simulation values of ripple
Levels

results and the values obtained by (2.17) for most of K variation range. Even when
this is not very accurate, the predicted values are greater than the actual ones and

a reliable controller design can always be achieved.

Design Procedure in CCM

Step 1: Find the value of L at which the converter will operate at the boundary
condition. The designed value of the inductor L must be chosen slightly larger than
this value. According to (2.17), the inductor size should be small to keep voltage
ripple levels low.

Step 2: From (2.17), it can be observed that the higher the variable |K]| is
selected, the less the ripple levels become and hence, a smaller-sized capacitor is
required. However, |K| cannot exceed a certain limit, as a very large | K| saturates
the duty cycle during a transient. Considering this issue and (2.10), the maximum
possible value for |K| is given by %, which corresponds to the load current
changing from the minimum loadycurre,nt, lomin, 10 the maximum load current,
lomax- 1he value of K is chosen slightly less than this threshold to ensure system
robustness in all circumstances.

Step 3: Based on the values chosen for the inductor and K, a suitable value for
C' is chosen according to (2.17), to maintain the output voltage ripple at a desired
level.

In Fig. 2.5, a flowchart diagram corresponding to these design steps is provided.
In this figure, Vin max and vipmin show the maximum and minimum input voltages,

lo.min aNd 7y max the minimum and maximum load currents, v4 the ripple level, and
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R the load resistance. In Fig. 2.5, L is calculated such that the converter works in

the border line between CCM and DCM, and C is calculated by (?7).

{ ) Y

L — (Uin,mam_vo,ref)vo,refTs K — Vo,ref —Vin,min
2vin¢mazio,min io,'max_io,'mi'n
L K
Y Y
O — —2L(20, e f2—0.540.25v42)
- KRvg?

Figure 2.5: Flowchart of controller and power circuit design steps in CCM

2.3.2 Stability Analysis in CCM

The stability analysis for the proposed controller in CCM is provided in [111]. In
this analysis, Equivalent Series Resistances (ESR) of r; and r¢ are considered, for
the inductor and the capacitor, respectively. Further details are provided in [111].
In the following, a case-study is presented to showcase the stable operation of the
controller in CCM.

x 10° Root Locus Diagram of the System in CCM
rp = 0.0IQJ‘C =0.01Q2 L= 0,rc = 0

. rp, = 0.020,r¢ = 0.02Q
™

L : 0.029;7'0 = O.‘OQQ/‘

1y = 0010, 7¢ = 0:01Q "L = U re = 0

T T
-16 -14 -12 -10 -8 -6 -4 -2 0
o = 10°

Figure 2.6: Root locus for the proposed controller in CCM

Case-Study: Consider a buck converter with C' = 100 uF, L = 1 uH,v; =
3.3 V,Vorer = 1.8 V,R =18, fs = 900 K H~z. If the non-linear system obtained
by the stability analysis in [111] is linearized around its equilibrium point, loci of
the system poles for K values ranging from [-200,0] are as shown in Fig. 2.6. Differ-
ent rc and ry, values change the system poles, but they are always in the negative
half of s-plane. According to the Nyquist Theorem and the fact that the sampling

frequency is equal to the switching frequency, the real part of system poles cannot
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be made less than %fs Therefore, to ensure the system’s stability, value of the

controller parameter K can be designed through the root-locus provided in Fig. 2.6.

2.3.3 Proposed Controller in DCM

In the previous subsection, it was shown that if the control law in CCM is set to
make the output voltage ripple equal to a factor of the inductor’s current ripple, the

converter will have a fast load transient response. In this section, the same concept
is extended to DCM.

'
'
'
'
dq di+ds 1
— Vb ---d

Figure 2.7: Inductor current’s waveform in DCM within one switching cycle

Principles and Derivation

In DCM, the inductor current and voltage waveforms are as shown in Fig. 2.7 where
dy is the converter duty cycle, ds is the fraction of switching period when the switch
is off and diode is ON before the inductor current reaches zero, vy, is the inductor
voltage, T, is the switching period. According to volt-second balance principle for

the inductor’s voltage and Fig. 2.7,
(Vin — Vo)dy — vodg = 0. (2.18)

Moreover, in the steady state condition, the average value for the inductor’s current

is equal to the load current, i,. Using the inductor current waveform shown in

Fig. 2.7,
(Uin - Uo)les(dl + d2) . Vo

fave = 2L "R
If = is denoted by X, these two equations yield to

X2
V 2L

The controller’s mission is to make sure (2.7) is valid. From the definition of X and
(2.7), we get:

(2.19)

- Vo—Vo ref
X — KZO Vo + Vo, ref

Vin
Diagram of the proposed controller in DCM is shown in Fig. 2.8.
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Figure 2.8: (a) Schematic of a buck converter and (b) block diagram of the proposed
controller in DCM.

Y

Analysis

In DCM operation, each switching cycle can be divided into three sections as shown
in Fig. 2.7. The analysis approach taken here is to solve circuit equations to find
the output voltage at the end of a switching cycle as a function of its value at the
beginning of that switching cycle. This approach is taken, in order to make a precise
model of the converter operating in DCM. It is assumed that at the beginning and
ending instants of a switching cycle, the output voltage values are v,(0) and v,(7%),
respectively. As the corresponding circuit equations are straightforward to solve,
they are not discussed in this chapter and only the final results have been provided.

Following the proposed approach, the system model in DCM is obtained as

R2C
UO(TS) = mp (222)
2
L
P =uvy’+ (v6(0) — Uin)z + vo](%g)c
(2.23)

+ 2’Uin

(16(0) ~vin)cos (iLT—C) - v”fao)‘@sm (jLT—c)

Equations (2.22) and (2.23) represent a first-order non-linear system, where v, is the

state variable. The derivative of this state variable can be estimated through the

equation
dve(0)  vo(Ty) — v,(0)
= . 2.24
dt T, (224)

If the system is linearized around v, = v, e, Which is the equilibrium point of the

first order system, the system pole (denoted by A) will be obtained as:

A= (\/_E - 1) , (2.25)

N = ) umos () )
=Yo,ref — Uin Vjn COS Vin—7—=\Vo,ref — Vin
e VIC NiTohna

v ( . ( les )) QKTsUin - KTon,ref
— S1n )
VIC)) pypr it (1 - )
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di T,
D =012 + (Uorret — Vin)” + 20in (Voref — Uin) COS | — ) -

The recovery time (denoted by ¢,) can be obtained as ¢, = |47‘ (4 times the system’s
time-constant).

Case-Study: In order to show the accuracy of the above equations, let us consider
a buck converter with an input voltage of 3.3V, a reference output voltage of 1.8V,
an inductor of 80nH, a capacitor of 100uF, a switching frequency of 900KHz and
a load resistance changing from 3.62 to 1.8€2. Also, |K| varies within the range of
2,35]. The recovery time(t,) is plotted vs. |K| in Fig. 2.9. This figure shows that
the simulation results match the results obtained by (2.25).

%1075 Recovery Time vs. |K|
O e\ R — - —Eq.(2.19)
: —— Simulation | :
NN\ e
0 T T T T T T 1
0 5 10 15 20 25 30 35

K|

Figure 2.9: Comparison between simulation and analytical results in DCM

2.3.4  Stability Analysis in DCM

Equation (?7) shows the single pole of the system. Fig. 2.10 is the root locus
corresponding to the case study provided in the previous subsection and it shows

that the single pole of the system for different K values is always stable.

Root Locus Diagram for Proposed Controller in DCM

0.5 - : : i : i
K =-20 K :‘3
207 -
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_1 T T T T T T T T T 1
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o x10°

Figure 2.10: Root locus diagram for the controller in DCM
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2.3.5 Power Circuit and Controller Design in DCM

From (2.25), it is clear that a smaller K leads to a slower recovery time. According
to the Nyquist theorem, the sampling frequency must be at least two times larger
than the bandwidth of the system. Assuming the sampling frequency equal to the
switching frequency, the system bandwidth is equal to % Therefore, the recovery
time t, cannot be less than 27%. So, the value of K must be set such that t, > 2T} for
all operating conditions viy min < Vin < Vinmax ald Rpin < R < Rpyax. Accordingly,
it is required to calculate the K value resulting in t,. = 27T for each operating point
of (vin, R). This is done with the aid of (2.19) and the fact that ¢, = ‘;f\'. The K
value found in this process is the minimum possible value at any operating point.
So, the maximum of these threshold values for K must be found over the entire
possible operating points. This maximum is denoted by K, which represents the

designed value for K. Following this process and using (2.19), along with ¢, = \;;t\l’
the following optimization problem K; = Argmax K (vi,, R) or equally:

di Ty
—V D + Vin — Vo ref — Vin COS (%)

K4 = Argmax (2.26)
'Uin\/% (vin - Uo,ref) Q
is formed, in which
Q = sin ( dy T > 2Tsvin — Tsvo,ref (2 27)
\% LC 271 RT. Vo, ref % .
4’Uin LTLS (1 — ﬁ)

subject t0: Vipmin < Vin < Vinmax and Rmin < R < Rpyax. In the above optimization

problem, if o = fl/lLT—é, (2.28) can be obtained using (2.20) and (2.21):

2T5U2 ref
o= : (2.28)

RCUm (Uin - Uo,ref) .

For a DC-DC converter, the converter parameters and the switching frequency
must be selected such that the time constants associated with the output voltage are
always much larger than the switching period. This condition must be fulfilled for all
different time intervals in a switching period, to make sure that the output voltage
is approximately constant. In a buck converter operating in DCM, the inductor
current is zero in the last interval of a switching cycle. Therefore, the time constant
associated with the output voltage in this case is equal to RC' and according to the
above discussions, T is much smaller than RC. In typical applications, the value
of #:vjif) is small enough such that Ty << RC' results in ax0, according to
(2.22). Therefore, the approximations sin ar«a and cos a1 hold valid. Using these

approximations, (2.29) can be obtained as:

SLRBCQ oref — Uin
K, = ArgmaxK (v, R) = Argmax X (Vores = v ) (2.29)
TS 2Uin — Vo,ref
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From (2.29), it can be seen that gf

point (v;,,*, R*), which corresponds to the introduced optimization problem ) is equal

< 0 and g—g < 0. Therefore, the optimum

t0 (Vin,min, Rmin)- As a result, the value of K, can be obtained as follows:

8LRmm3C2 (Uo ref — Uin mm)
K;= : : ) 2.30
d T53 x 2vin,min — Vo,ref ( )

The design steps are given below and shown in Fig. 2.11.

Step 1: Calculate the inductance value which makes the converter operate at the
border line between CCM and DCM. Next, select a value smaller than the obtained
inductance.

Step 2: Select the capacitance value such that the output voltage ripple level is low
enough.

Step 3: Find the control parameter K by solving the optimization problem repre-
sented by (2.26) and (2.27). The solution to this optimization problem is given by

(2.30).
v ) Y
Ts (Uin,min_vo,ref)Rm,in C _ Ts'Uo,ref [ . l\/ QLUin,maz ]
- 2 RminTs(Uin,maw_vo,'r-ef)

(nas zvin,min Rminvd

L C
Y

Y

K = Optimization Problem Eq.(2.20) and Eq.(2.21)

Figure 2.11: Flowchart of controller and power circuit designs in DCM

Case Study: To validate (2.30), a buck converter is assumed with these param-
eters: Vipmin = 2.3V, Vinmaz = 3.3V, Rpin = 1.8, Rypaz = 18Q,v5,cp = 1.8V, L =
80nH,C = 90uF, fs = 900K H 2. This converter is operating in DCM. Using provided
results, Fig. 2.12 plots the precise K(vj,, R) vs. v;, and R. Also, this figure shows
the estimated K (v, R).

Using (2.30) or equivalently the estimated K function in Fig. 2.12, the answer to
the optimization problem is K; = —26.51. Also, using the precise K function in Fig.
2.12, the answer is K; = —26.44. Therefore, (2.30) can be used to accurately design
Ky. Tt is worth mentioning that according to Fig. 2.12, the precise K function
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Figure 2.12: Precise and Estimated K (vj,, R) vs. v;, and R

and its estimated counterpart are tightly matched, for all input voltage and load

resistance values.

2.4 Simulation Results

Scenario 1: In this scenario, the converter operates in CCM and there is no ESR for
inductor and capacitor and also there is zero uncertainty in the values of the inductor
and the capacitor. Furthermore, v;,=3.3 V, v,,0=1.8 V, i, = 1.5 4 1.5u(t — 0.001s)
A, L=100nH , C =100 uF and the switching frequency is 900 kHz. In the above
equations, wu(t) is the unit step function. The converter output voltage, shown in
Fig. 2.13, illustrates that the load transient response is eliminated.

Output voltage

L1805 —evevver e

1.8

—

S

Load: Current Going Up from 1.5A to 3A
1.785 T T T T T T T T 1
0.97 0.98 0.99 i 1.01 1.02 1.03 1.04 1.05 1.06 1.07

Time(s) x1073

Figure 2.13: Converter output voltage in CCM mode in Scenario 1

Scenario 2: In this scenario, there is a 20 percent uncertainty in the inductor’s
value. Also, an ESR of 1 mf) is considered for the inductor and an ESR of 3 m{2

is considered for the capacitor. Furthermore, in this scenario, i, = 1.5 + 1.5u(t —
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0.0008s) A, while other circuit and control parameters are the same as Scenario 1.
The converter output voltage, shown in Fig. 2.14, illustrates that the load transient

response is successfully eliminated.

Output voltage
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Figure 2.14: Converter output voltage in CCM (Scenario 2)

Scenario 3: In this scenario, the converter operates in DCM and there is an
ESR of 1 m(2 for the inductor and and 3 mf2 for the capacitor. Also, there is an
uncertainty of 20 percent in the inductor’s value. Furthermore, vi,=3.3 V, v, ;ef=1.8
V,i, = 0.5+1.5u(t—0.001s) A, L =80nH , C' = 90 uF and the switching frequency
is 900 kHz. The converter output voltage, provided in Fig. 2.15, illustrates an
undershoot of 0.03V in the output voltage and the recovery time is 1.2 us. So,the

transient response is eliminated.

1.78 : : : : : : ‘
L7 :Load Current Going:Up from 0.5A to 2A:
. T T T T T T T T T 1
3.68 3.7 3.72 3.74 T 3.76 3.78 3.8 3.82 3.84 3.86 3.88

Time(s) x1074

Figure 2.15: Converter output voltage in DCM (Scenario 3)

Scenario 4: In this scenario, the effects of parasitic resistances and inductances
are investigated. The input voltage of 3.3 V, an output voltage of 1.8 V, an inductor
of 0.8 yH and a capacitor of 100 puF with an ESR of 10 m(2 are considered. The
load current is changed between 0.5 A and 1 A in CCM and the parasitic inductance

in series with the load is 50 nH. The converter responses are shown in Fig. 2.16.
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It can be observed that the load transients are not eliminated. However, as the
corresponding recovery times are less than one switching period, it can be stated

that the load transients are minimized.

Load Current

206 4 | USSEPNUSINES NSRS NSNS SSNN S S -

1o

v (V)

Figure 2.16: From top to bottom: load current, output voltage, and inductor current
(Scenario 4)

In Table 2.1, the simulation results provided in this section are compared with
other existing controllers. A figure of merit (FOM) is defined in this table to accu-
rately compare different simulation scenarios. The definition of this FOM is based
on the fact that the best system performance is achieved when for the same load cur-
rent step, the sizes of inductor and capacitor, the switching frequency, the recovery

times and overshoot/undershoot levels are all minimized.
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Table 2.1: Comparison of simulation results with other methods

| Scenario 2 [ Scenario 3 [ Scenario 4 | [38]
Input Voltage vi, (V) 3.3 3.3 3.3 3.6
Output Voltage v, (V) 1.8 1.8 1.8 1.8
Inductor L(uH) 0.1 0.08 0.8 4.7
Capacitor C(uF) 100 90 100 10
Switching Frequency fs (MHz) 0.9 0.9 0.9 1
Max. Load Current o max (A) 3 2 1 0.6
Load Transient Step AI, (A) 1.5 1.5 0.5 0.3
Overshoot Recovery t, o, (1s) N/A N/A 400 1800
Undershoot Recovery t, ,, (ns) 0 2000 400 1900
Overshoot Level voy (V) N/A N/A 0.4 0.033
Undershoot Level vy, (V) 0 0.025 0.18 0.025
Al, f
FOM= IO Tst 0 infinite 4.6x107° 6x107° 1.2x107*
5'r,ov/unov/un

2.5 Application to Other Converters: Noninvert-
ing Buck-Boost Converter Example

This section extends the proposed controller to a non-inverting buck-boost converter
and the control law is derived for CCM operating mode as shown in Fig. 2.17. Such
a converter with the proposed controller can be used in battery-powered power
supplies, telecommunication systems, and power factor correction circuits in fuel

cell applications [1].

Figure 2.17: (a) Non-inverting buck-boost converter (b) Proposed controller in CCM

In Fig. 2.17, ip; and ipo are currents flowing through D; and D,, respectively,
152 is the current flowing through S, and Ty is the switching period. If KVL and

KCL equations for this converter are averaged over one switching cycle, the control
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law will become as

. v, Vin+7, i
K(ZL _ o,ref( in o,ref)) + /Uo7ref _|_ Ldl_L

d _ R’Uin dt . (231)

Case-Study: Consider a non-inverting buck-boost converter with an input voltage
of 3.3 V, an output voltage of 5 V, a switching frequency of 1 MHz, an inductor
of 600 nH, and a capacitor of 100 uF is used. If the proposed controller is applied
to this converter and the load current goes up from 1 A to 2 A, the transient
response of converter will be as shown in Fig. 2.18. The load transient response is
minimized for the converter. In Table 2.2, the performance of the proposed controller
is compared with the method of [1]. It shows that the proposed controller has a

better performance.

Output voltage in Noninverting Buck-Boost Converter

5.05
54 i
=
" 4.95 1
Load Current Going Up from 1A to 2A
4'9 T T T T T T T T T 1
74 7.42 7.44 7.46 7.48 7.5 7.52 7.54 7.56 7.58 7.6

Time(s) x1073

Figure 2.18: Transient response of a non-inverting buck-boost converter with the
proposed controller to a load current from 1 A to 2 A

Table 2.2: Comparison of the proposed method and [1]

‘ Proposed ‘ 1]
Input Voltage vip (V) 12 12
Output Voltage v, (V) 19 19
Inductor L (pH) 20 76
Capacitor C (uF) 250 200
Switching Frequency fs (KHz) 100 100
Maximum Load Current i, max (A) 5 5
Load Transient Step Al, (A) 4 4
Overshoot Recovery t; oy (ms) 3 9
Undershoot Recovery ?r un (ms) 2 5
Overshoot Level vy, (V) 0.55 1.2
Undershoot Level vy, (V) 0.88 3
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2.6 Proposed Controller Application in Convert-
ers with High Order Dynamics

This section discusses the extension of the proposed controller to DC-DC convert-
ers with high-order dynamics, which have several capacitors and inductors. When
the converter duty cycle is modified by a general controller in response to output
voltage error, the effect of this control action typically propagates through the con-
verter from the input source to the load side. Therefore, different inductor currents
experience the changes made by the control action at different speeds. In other
words, inductors closer to the source will typically exprinc control action results
sooner than the load-side inductors. This phenomenon degrades the transient re-
sponses of converters and produces excessive overshoots. Particularly, the impacts
of this phenomenon are most highlighted in converters with high-order dynamics,
which are composed of several inductor and capacitors. To mitigate this problem in
general controllers, the proposed controller in this chapter is extended to converter
with high-order dynamics. Similar to the previous section, the output voltage level
and its reference value are denoted by v, and v, ,¢f, respectively. Assuming that the
converter topology is composed of m inductors and the current flowing through the
j-th inductor L; (0 < j < m+1) is denoted by iy, j, the controller sets the duty cycle

to achieve:

diy,
Sk ;Lt’f = Uy — Vopes- (2.32)

j=1

In (2.32), the inductors are numbered in an ascending order based on their prox-
imity to the load side. In other words, inductor 1 and inductor m are the furthest
and the closest inductors to the load side, respectively. Also, for every n and p
satisfying 0 < n < p < m+1 in (2.32), |k,| > |kp|. This is because as inductor p
is closer to the load, there is a stronger dynamical correlatioship between v, and
ir,p and any changes in i7, as a result of a control action is experienced by the
output voltage sooner, compared with inductor n. Therefore, to develope a stronger
dynamcal correlationship between inductor n and the utput voltage, |k,| > |k,|. To
achieve (2.32), the average model of the converter is written and (2.32) is solved in
terms of d. This way, the control law is derived. A sample process as well as the
simulation results is given in the following case study.

Extended Controller Case Study: Fig. 2.19 shows the schematic of a Cuk
converter. By state space averaging, % = ver(d-Dtvin o dize — —ve1d=ve Bugad

dt Ly dt Lo )
on the discussion in this section, the control objective is set as 94t = fdiLz 4 (v, —

dt dt
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Uoref)- Using this objective and state space averaging results mentioned above, the

control law for a Cuk converter is explained as:

d — LZ('UC'l - Uin) - kUOLl +pL1L2(U0 - Uo,ref)

2.
(L2 + k?L1)U(11 ( 33)

Assuming L; = Lo =10pH, €y = Cy =30uF, v, =3.3V, vy, =18V, and
fs =200KHz, the load transient response of the converter using the proposed ex-
tended controller in (2.33) for a 1A to 2A load step is as shown in Fig. 2.20.

A Ch ) .
ir1 1 Ly iy O _ o
®

+UC1— +
@ \ 40 Cy Vo

T Y-

Figure 2.19: Scehmatic of a Cuk Converter

Output Voltage by Proposed Controller for 1A to 2A Load Current Step
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Figure 2.20: Load Transient Response of the Closed-loop Cuk Converter Using the
Proposed Extended Controller in This Chapter

2.7 Experimental Results

Performance of the controller is experimentally validated on a buck converter with an
input voltage of 3.3 V, an inductor of 1 pH, a capacitor of 100 uF and a switching

frequency of 900 kHz. A TI TMS320F28335 DSP is used for implementing the
proposed control algorithm.
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Fig. 2.21 shows the corresponding waveforms when the output voltage is set to
1.8 V and the output current is changed from 0.7 A to 1 A and vice versa. In
this figure, from top to bottom, the waveforms correspond to the load current, the
output voltage, and the inductor current waveforms, respectively. The overshoots
and undershoots are created by the parasitic inductances which are in series with the
load. The recovery time of the transient response is around 300 ns. The transient

response is negligible.
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Figure 2.21: Experimental results: (from top to bottom) load current, output volt-
age, and inductor current when the load current is changed from 0.7 A to 1 A and

vice versa.

Fig. 2.22 shows the experimental results when the output voltage is set to 1.3 V
and the load current is changed from 0.4 A to 0.7 A and vice versa. The load
transient dynamics is fast. Fig. 3.35 shows the results when the reference value
for the output voltage is changed from 1.3 V to 1.8 V and vice versa. The output
voltage has successfully reached its steady state value. The start-up transients of
the buck converter are shown in Fig. 3.36 for the output voltage set point of 1.7 V.
This figure shows that during start-up, the output voltage reaches its reference value
without any overshoots. The capacitor voltage is shown in Fig. 3.37 which confirms
the simulation results. The undershoot level is 12 mV, which can be neglected. In
Fig. 2.26, the load transient response in DCM is shown. This figure shows a fast
transient response.

Table 2.3 provides further comparison among the performances of the proposed
controller and several other controllers in the literature. As the table illustrates, the
recovery times associated with transient responses made by the proposed controller
are much lower than other methods. Also, the overall sizes of the used capacitor and

inductor in DCM are smaller than other methods. Therefore, it is more advantageous
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to implement the proposed controller in DCM.

To achieve a fast transient response, one can use a controller such as PI or any
other types of controllers with large gains and proper saturation limits to achieve
an optimal time system response. Such a controller is proposed in [19], in which the
converter works in full or zero duty ratios during load transients. Table 2.3 provides
a comparison between the proposed controller and [19]. The comparison is made
using a Figure of Merit (FOM) defined based on system performance indicators
such as recovery times, overshoot and undershoots achieved during load transient
periods, minimum required capacitance and inductance, and switching frequency.

The FOM is calculated for all controllers under the same voltage gain and load
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Figure 2.22: Experimental results: (from top to bottom) load current, output
voltage, and inductor current when the load current is changed from 0.4 A to 0.7 A

and vice versa.
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Figure 2.23: Experimental results: (from top to bottom) load current, output

voltage, and inductor current when the reference output voltage is changed from
1.3 V to 1.8 V and vice versa
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current steps. As Table 2.3 illustrates, the performance of the proposed controller in
CCM is similar to [19], which is implemented in CCM as well. However, the FOM
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Figure 2.24: Experimental results: (from top to bottom) load current, output volt-
age, and inductor current during start-up
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Figure 2.25: Experimental results: (from top to bottom) load current, and output
voltage in CCM
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Figure 2.26: Experimental results: (from top to bottom) load current, and output
voltage and inductor current in DCM
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Table 2.3: Comparison of the proposed method and other controllers

o | oay | (pearsy | 09 | B9 |

Input Voltage vi, (V) 3.3 3.3 3.3 3.3 2.6-4 3.6
Output Voltage v, (V) 1.8 1.8 1.8 1-2.5 1-2 2.5
Max. Voltage Gain gmax 1.83 1.83 1.83 3.3 4 1.44

Inductor L (pH) 0.8 0.08 0.08 4.7 4.7 2.2

Capacitor C (uF) 100 90 100 4.7 10 22

Switching Frequency fs (MHz) 0.9 0.9 0.9 1 1 1
Max. Load Current (mA) 700 1000 3000 900 600 1050
Load Transient Step Al,(mA) 300 300 2700 450 300 400

Overshoot Recovery t, ov(us) 0.3 0.4 2.7 4 2.5 68

Undershoot Recovery ¢, un (is) 0.3 0.4 7.3 4 2.8 60
Overshoot Level v,y (V) 0.4 0.4 0.09 0.07 0.18 0.027
Undershoot Level vy, (V) 0.3 0.3 0.09 0.085 0.167 0.022
Stability Stable Stable Stable Stable | Stable Stable

Noise Level “noise 1 1 1 4 N/A 0.33

Uripple
FOM= LCfstr,OV/anUOV/un 695 4427 4296 707.14 | 121.45 4.91

of the proposed controller in this chapter is superior in DCM compared to [19]. The
proposed controller in [19] cannot use a small inductor in DCM, as in DCM a full
duty ratio causes the inductor current to have a large overshoot during transient
period and if this overshoot is blocked by the overcurrent monitoring system, the
controller will not be time-optimal and its performance gets degraded and both of
these result in a lower FOM in DCM. It can be observed that achieving superior
transient performance using an advanced controller such as the one proposed in [19],
or a simple PI controller with saturation limit is not a trivial task. Another example
is the PID controller in [112] which is compared with the proposed method in this
chapter in Table 2.3, and the superiority of the proposed method can be observed.

The proposed controller improves the transient response of the converter while it
guarantees the steady state operation. As the switching frequency of the converter
is constant, it does not create any abnormal operating condition for the converter
during transients. In addition, the controller enables a more optimal design of
the converter to achieve high power density. Using this controller in DCM, the

inductor size can be reduced significantly, and it becomes possible to achieve ZVS
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for all operating conditions resulting in a higher switching frequency, more integrated

design and faster transient response while achieving acceptable efficiency.
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Chapter 3

A New Load-Dynamics Decoupling
Controller to Improve Load Step
Transients in Data Centers

This chapter proposes a dynamically optimized controller for DC-DC converters
in the intermediate power conversion stage i.e. stage 2 of the power management
system of a data center. As discussed in Chapter 1, the converters in this stage
deal with high load currents and large load steps. It is worth mentioning that the
previous chapter i.e. Chapter 2 discusses a controller solution for stage 3 converters,
which unlike stage 2 converters, deal with small load steps. Therefore, when applied
to stage 2 converters, the conventional methods applicable to stage 3 converters
lead to degraded dynamical responses and cannot meet system requirements. This
necessiates development of a new control system for stage 2 converters in power
management system of a data center and forms the main taget of the current chapter.

In Chapter 1, it is mentioned that in stage 2 converters of the power manaeg-
ment system in a data center, low system damping in high load currents causes
the load step disturbances not to be easily removable by the existing controllers.
Therefore, using auxiliary circuits is the most commonly-used method in the liter-
ature, which results in efficiency degradation and system complexity. To achieve a
desired performance without any auxiliary circuit, this chapter proposes an alter-
native controller to enhance load transient responses of DC-DC converters in large
load steps. This controller decouples system dynamics from the load side. Hence,
the system dynamics does not get degraded in large load steps. Also, the controller
does not create any step changes in the duty cycle, resulting in no extra transient
states in the system. Furthermore, the system stability is not compromised, as the
controller always ensures stability according to the root locus analysis presented in

this chapter. Finally, as no auxiliary components are used, system complexity, and
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Figure 3.1: Intermediate DC-DC Conversion Stage i.e. Stage 2 Highlighted by
Yellow in Data Center Power Management System

large instantaneous jumps in voltages and currents are avoided. This chapter first
presents the detailed controller derivation for buck converters in both Continuous
(CCM) and Discontinuous (DCM) Conduction Modes. In addition, it is shown that
the proposed approach can be applied to other converter topologies, such as the Cuk
converter, too. Finally, an extneded version of the controller is proposed such that
it can be applied to various load types such as constant power loads and closed-loop
converter loads. Once the proposed controller is derived, analyzed and designed, the
performance is verified by simulations and experimental results. A per-unit model
of buck converter is also proposed to conduct comparisons among various existing

approaches.

3.1 Chapter Challenges, Literature Review, and
Contributions

3.1.1 Challenges

The architecture of the power management system of a data center is shown in Fig.
3.1, in which the intermediate DC-DC conversion stage i.e. stage 2 is highlighted
by yellow color. According to this figure, each converter is stage 2 supplies power to

several stage 3 converters, each of which is connected to a point of the load (POL).
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The stochastic load steps in different POLs which occur at high frequencies are
summed up and sen as a single large load step by a converter in stage 2. To meet
power demands of the loads duing load steps, each stage 3 converter recieves power
from the input voltage and as discusssed above, the these power levels are summed
up and seen as a single large load step by a stage 2 converter. Therefore, if not
appropriately compensated for, the output voltages of stage 2 converters which si-
multaneously act as input voltages of stage 3 converters will drop. This phenomenon
deteriorates the steady-state and dynamical performance of stage 3 converters and
may cause stage 3 converters to be unable to provide load power demands, leading to
load interruptions due to power shortages. Therefore, it is critical to use appropriate
control methods to regulate the output voltages of stage 2 converters in a fixed level,
both in steady-state and transient conditions. The fact that stage 2 converters deal
with large load steps makes it challenging to achieve an optimum system dynamics
with reasonable overshoot /undershoot levels. Therefore, control systems need to be
developed to specifically focus on improving DC-DC converter dynamics in large

load steps.

3.1.2 Literature Review

The existing approaches to achieve enhanced converter dynamics for large load steps
in stage 2 converters in a data center are already discussed in detail in section 1.2.2.
A summary of this section is presented in this section. widely adopted approaches in
the literature to improve stage 2 converter dynamics in a data center include adding
auxiliary circuits during the transient periods [2], [3, 57, 4, 58, 59, 60, 61, 62, 63], or
using more complex and high-performance controllers [64, 65, 19, 66, 67, 68].

Some of the existing auxiliary circuits reduce the total inductance of the converter
during transients [3, 57, 4, 58, 59, 60]. This approach achieves better load transient
responses by increasing inductor current’s rates of variation [57]. Auxiliary circuit
currents are injected to or drawn from the load side in [3] to improve the response
at the expense of efficiency degradation [3]. In another approach, an inductor is
inserted in parallel with the main inductor during transients [57]. Although this
method improves the dynamics, it increases overshoot levels in the main inductor’s
current. Auxiliary currents are injected to the load using a parallel buck converter,
resulting in fast system dynamics [4] at the expense of duplicating the power cir-
cuit. The buck converter’s inductor is replaced by a flyback-based converter in [58].
This approach requires an auxiliary circuit with a similar power rating compared to
the main circuit. Using the capacitor charge balance control and a series auxiliary

inductor in [59] resulted in major dynamic improvements. However, large instanta-
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neous variations and overshoots in inductor current and output voltage can be ob-
served. An improved topology of inductor-switching DC-DC converter is proposed
in [60], with higher efficiency and reduced overshoot/undershoot levels. However,
the number of passive components are increased, resulting in higher energy storage
requirements. Other methods to improve converter’s dynamics include changing the
resistance value seen by the converter’s output terminal [61], and inserting a current
source branch at the load node [62, 63]. Although the auxiliary circuits generally
improve load transient responses, they increase system’s cost and complexity and
normally introduce additional losses [61], along with more complex control [63], and
possible stability issues [62] due to switching the power auxiliary circuits on and off
repetitively.

High-performance controllers are also proposed to improve converter’s dynamics
(64, 65, 19, 66, 67, 68]. However, the levels of dynamics improvements are limited for
large load steps. The proposed controllers can be classified into three categories. In
the first category, linear controllers based on feedback and feed-forward are proposed
(64, 65]. The system dynamics is a function of the load resistance value and is
changed considerably in large load steps. Therefore, a single linear controller cannot
achieve suitable dynamic responses for such load steps. The second category of
controllers either maximize or minimize the duty cycle during transients [19, 66].
Although this approach makes system dynamics faster, it leads to step changes
in the duty cycle, which in turn create new transient states in the system. As a
result, the system dynamics becomes slower than expected. Finally, another category
belongs to the family of I? controllers [67, 68|, which can enhance system dynamics
considerably. This approach normally requires compromises between the stability of

the system and its steady-state performance indicators such as ripple levels.

3.1.3 Targets and Contributions

According to the topics discussed, the targets of this chapter can be summarized as:
1. Proposing a new controller to improve load transient responses of stage 2
converters in data centers for large load steps originating from stage 3 converters.
2. Extension of the proposed controller to different load types
3. Comparison between the proposed controller and other existing approaches
4. Validation of the proposed method using experimental and simulation results.
Contributions: To achieve a desired performance without any auxiliary circuit,
this chapter proposes an alternative controller to enhance load transient responses
of stage 2 DC-DC converters in large load steps. This controller decouples system

dynamics from the load side. Hence, the system dynamics does not get degraded in
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large load steps. Also, the controller does not create any step changes in the duty
cycle, resulting in no extra transient states in the system. Furthermore, the system
stability is not compromised, as the controller always ensures stability according to
the root locus analysis presented in this chapter. Finally, as no auxiliary compo-
nents are used, system complexity, and large instantaneous jumps in voltages and
currents are avoided. This chapter first presents the detailed controller derivation for
buck converters in both Continuous (CCM) and Discontinuous (DCM) Conduction
Modes. In addition, it is shown that the proposed approach can be applied to other
converter topologies, such as the Cuk converter, too. Once the proposed controller
is derived, analyzed and designed, the performance is verified by simulations and
experimental results. A per-unit model of buck converter is also proposed to conduct

comparisons among various existing approaches.

3.2 Chapter Main Control Concept

This section presents the main control concept of this chapter which is about con-
verter control based on decoupling converter dynamics from the load. For simplicity,
this section assumes a buck converter and a resistive load to present the control con-
cept. It should be mentioned that the generality of the proposed concept is not
affected by converter topology and load type. The notations used in this chapter
include vy, for input voltage, iy, for inductor current, i for capacitor current, R for
load resistance, v, for output voltage, L for inductance, C' for capacitance, and v, .y
for the reference output voltage. Also, d denotes the duty cycle.

If the buck converter shown in Fig. 3.2 experiences a large load step, the load

resistance value R changes considerably. Therefore, the transfer function G,(s) =
Vo(s)
D(s)
fixed genral control system does not take the variations of the plant G(s) due to

changes considerably. For a general control system shown in Fig. 3.2(b), the

the load step into account. Therefore, the general controller in Fig. 3.2(a) cannot
reach acceptable undershoot/overshoot level and recovery times during load step
transients.

To compensate for this problem, the current chapter proposes a new controller
based on decoupling converter dynamics from the load. The proposed controller
takes R and vy, as inputs and is designed such that v, becomes independent from R
and becomes only a function of v;,. This way, large load steps affecting R do have
only a negligible effect on v,. As a result, overshoot /undershoot levels and recovery
times associated with large load steps are improved.

In fact, to solve the problem of performance dependency on the load, this chapter

26



Figure 3.2: (a) Schematic of a buck converter (b) General Control Structure for a
Buck Converter (c¢) Proposed Control Loop with v, Dynamics Decoupled from R

proposes a controller to decouple output voltage dynamics from the load resistance
value. Therefore, when the controller is designed to achieve a fast response at light
load, the performance is not degraded significantly at other load levels. This is done
by deriving the closed loop differential equation of the system and finding all terms
that are functions of the load resistance. Next, a control mechanism is developed to
minimize the effects of these terms on system dynamics. Once this is achieved, the
controller adjusts the dynamical profile of the system. Further details are provided in
the next sections. The underlying control concept discussed above can be illustrated
by Fig. 3.2(c).



Figure 3.3: (a) Schematic of a buck converter (b) General Control Structure for a
Buck Converter (c¢) Proposed Control Loop with v, Dynamics Decoupled from R

3.3 Problem Definition

In this section, a particular challenge that is caused by the operation of buck convert-
ers with high load currents, is investigated. Fig. 3.3(a) illustrates the schematic of
a buck converter and Fig. 3.3(b) shows its general control structure. The notations
used in the chapter include i;, for inductor current, i. for capacitor current, i, for
load current, R for load resistance value, L for inductance value, C for capacitance
value, T for switching period, v;, for input voltage, and v, for output voltage. Also,
Uoref 18 the reference value for the output voltage and d is the duty cycle. In Fig.
3.3(b), G,(s) denotes the control-to-output transfer function of a buck converter and
can be given by [64]:

Vin

G,(s) = .
W) = ooy It

(3.1)

Equation (3.1) shows that in high load current levels or equivalently low R values,
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Output Voltage Transwnts for leferent Load Steps and Controllers
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Figure 3.4: Output Voltage Transients for Different Load Steps using Linear and
High-performance Controllers

|Gp(jw)| and arg G,(jw) are decreased and increased, respectively. This reduces
system’s bandwidth, which results in a reduced system speed and a degraded load
transient response. This can limit the system speed in applications where large
load steps occur repetitively and the system speed is crucial, such as processor
applications. In fact, Fig. 3.3(b) illustrates that for a general control structure, the
dynamics of v, is a function of R. Case Study 1 is provided to better illustrate the
mentioned concepts.

Case Study 1: A buck converter is considered with v;,=12V, v,,.r=3.3V,
L=5uH, C=10uF, fs=200KHz. Using (3.1), the phase margin is reduced by increas-
ing R. Therefore, a linear controller is designed at i,=1.25A, which is the minimum
load current in continuous conduction mode (CCM). The controller is designed to
achieve a phase margin and a bandwidth of 45 degrees and 50KHz, respectively. The

designed controller is expressed as:

483 (34 2% 10765 + 1)2

C(s) =
1.8x107 s+ 1

. (3.2)

This case study investigates the two cases of using just the controller expressed by
(3.2) and using it along with a high-performance controller, Active Ramp Tracking
Control [19, 66]. The load transient responses for 3A-to-2A and 10A-to-2A load
steps are plotted in Fig. 3.4 for both cases. According to Fig. 3.4, the load transient
responses are degraded in the 10A-to-2A load steps and need major improvements.
This case study illustrated how the dependency of system dynamics to R can degrade
the load transient responses. This chapter aims to provide a controller to tackle
this problem by decoupling the dynamics of the output voltage from R. The block

diagram of the closed-loop system associated with this controller is observable in
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Figure 3.5: Schematic of a Standard Synchronous Buck Converter

Fig. 3.3(c). As this figure illustrates, the decoupling controller takes R as an input

and is designed such that v, is just a function of v;, and not R.
3.4 Proposed Controller

3.4.1 Underlying Control Concept

To solve the problem of performance dependency on the load, this chapter proposes
a controller to decouple output voltage dynamics from the load resistance value.
Therefore, when the controller is designed to achieve a fast response at light load,
the performance is not degraded significantly at other load levels. This is done by
deriving the closed loop differential equation of the system and finding all terms
that are functions of the load resistance. Next, a control mechanism is developed to
minimize the effects of these terms on system dynamics. Once this is achieved, the
controller adjusts the dynamical profile of the system. Further details are provided
in the next subsections. The underlying control concept discussed above can be
illustrated by Fig. 3.3(c). Throughout this section, the controller is developed for
a buck converter as an example. But as shown in one of the next sections, this

approach can be similarly applied to other types of converters as well.

3.4.2 Derivation of Control Law in CCM and Controller De-
sign

Based on the underlying control concept discussed, the controller can be formulated
for a buck converter in CCM. Fig. 3.5 shows the schematic of a standard synchronous
buck converter operating in CCM. In Fig. 3.6, the inductor current, 7, is plotted
versus time for one switching cycle. To obtain the inductor current waveform, it is
assumed that the output voltage of the buck converter is constant in one switching
period and is equal to v,(0). Also, from 0 < t < dTj, the voltage across the inductor
is Vi, — 1,(0) and for the rest of a switching cycle, the inductor voltage is —uv,(0).
KCL at node O of Fig. 3.5 results in:

av, Vo

dt
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(3.3)



0 d 1 T

Figure 3.6: Inductor Current Waveform in CCM Operation Mode of A Buck Con-
verter

From Fig. 3.6, i 4,y denoting the average value of the inductor current over one

switching cycle can be obtained as:

Ts
L ,avg — _/
(3.4)
— Vi Tod? + 205, Tod — v,(0) T,

2L

= ZL(

An approximately constant output voltage is assumed for one switching period.
Also, the output voltage levels at t = 0 and t = T} are denoted by v,(0) and v,(7%),
respectively. With these assumptions and notations, both sides of (3.3) are averaged

over one switching cycle and (3.4) is also used to obtain:

— 0 Tod? + 20, Td — T. T.
i2(0) + vinTsd® + Q;ZZ sd — v,(0)T :Cvo( )T 0,(0)
s (3.5)
N U,(0)
=

The mathematical model of a buck converter operating in CCM can be derived
using (3.5), which expresses the averaged model and is valid for both transient and
steady state conditions. This equation is used to adjust the dynamical profile of
the system and design an appropriate control law. To enable systematic design
of output voltage dynamics, the approach used here is to select the control law
such that the output voltage satisfies a 2nd order linear differential equation and
no terms related to the inductor current exist in this differential equation. This
will enable direct selection of system poles related to the output voltage. Next,
the coefficients of the 2nd order differential coefficient discussed can be designed to
make pole locations independent from the load resistance. This way, the output
voltage dynamics will be decoupled from the load, that is the main control target.

The process of designing the coefficients of the 2nd order differential equation to
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meet this target is shown in the forthcoming paragraphs. As discussed, the output
voltage must satisfy a differential equation which does not include any terms related
to the inductor current. Therefore, the desired output voltage dynamics is selected
as d;tg" + 4 (—ky + ) Lo — %45, = 0. To achieve such dynamics, d in (3.5) is selected
such that the term iy (0) is eliminated from both sides of (3.5). In fact d is selected

such that:

_UinTsd2 + 2Ustd - UoTs . Vo,ref
- (i 5
2L R
+ kp(vo - Uo,'ref) (3.6)

+ k; /(UO — Vg ref)dl.

By solving (3.6) for d, the control law in CCM is obtained as:

o 2L . o,re

2Lk, ( ) 2Lk; / ( i
- Vo — Vo,re - Vo — Vo,re
VinTs S KT} ref

Assuming v, = v, — Uy e, and based on (3.5) and (3.7), the dynamics of the

closed-loop system can be given by:

d’v, 1 1\ dv, k;
— |-k, +=]|——=v,=0. 3.8
dt2+C’< P+R> i C (3:8)
To make the system dynamics independent from R, k,, is selected as k, = ﬁ —q,
a > 0. Using this approach, the term —— approximately neutralizes the impact

Reon
of the term }% in (4.20). Also, the value of c; must be positive to meet the stability
requirements of the system. Moreover, the value of a must be selected such that
the condition ]ﬁ — +| << « is satisfied. This way, a plays the main role in
shaping the dynamics instead of the load resistance. The characteristic polynomial
of the closed-loop system can be given by s + &5 — % = 0. The final step is to
design k; such that the roots of this polynomial acting as the system poles, have
appropriate values. This completes the controller derivation and design, to achieve

load-dynamics decoupling and fast load transient responses.

3.4.3 Discussions on the Proposed Control System

To implement the proposed controller more efficiently by using a reduced number of
sensors and without load resistance calculation, one option is to use state observers

and an adaptive algorithm to select the nominal load resistance value. As it can
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Observer

Figure 3.7: Buck Converter Schematic in CCM and Final Controller with Observer
and Adaptive R selection Algorithm

be seen, terms including the inductor current i; and the load resistance R exist in
(3.7). In order to avoid an additional sensor for the inductor current, the control law
is modified such that the inductor current i, is estimated by a Luenberger observer.
Moreover, as an integral term is applied to the difference between the output voltage
and its reference value in (3.7), there is no need to know the exact value of L, C, and
R to implement the control law. In order to improve the performance of the state
observer used to estimate iy, an adaptive algorithm is proposed to select the value
of R in the control law, which will be discussed in the forthcoming sections. Fig. 3.7
shows the block diagram of the final controller embedded with state observer and
adaptive R selection algorithm. As it can be seen in Fig. 3.7, the inductor current
estimated by the observer iz, and the R value selected by the adaptive algorithm

R.on: are applied to the control system.

3.4.4 State Observer Design in CCM

According to the above discussions, the inductor current should be estimated by
a state observer. Therefore, a Luenberger observer is designed in this chapter and
incorporated into the control law expressed by (3.7). To design the observer, the
averaged model of a buck converter needs to be derived for the CCM operating
mode. Using KVL in Fig. 3.5 and KCL at node O, the averaged model is derived

as:

dip -1 ; Vin
dt 0 7 37 L
= + d. (3.9)
dvo 1 =1
Tt c ®od LYo 0
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If the estimated values of i, and v, are denoted by i;, and @, the Luenberger observer

is implemented by:

diA -1 - Vin
e 0 7| | T
= + d
,UAD l __1 3
ddT ¢ Rcl LYo 0 (3.10)
mi N
+ {mJ (Vo — Uy).

The observer gains m; and msy are designed such that the poles of the observer

system in the Laplace domain lie at ’2;21 and ’27[552 , in which K7 and K, are positive

values between 0 and 1. The goal is to set the observer speed, while complying
with the Nyquist stability theorem. The characteristic polynomial of the observer
is given by s? + (z5 + ma)s + (% + £5), according to (3.10). The observer gains
are designed to make this polynomial equivalent to (s+ 21{71)(8 + 21(72) Therefore, m;

and my are given by:

K\ K,C 1
my = 5 —_ =
L7 L (3.11)
K+ K, 1
=TT RC

3.4.5 Adaptive Algorithm for R Value Selection in CCM

Based on previous discussions, an adaptive algorithm should be designed to select
the value of R used to implement the controller. This value is different from the
actual R value and is denoted by R..,;. In fact, to reduce the computational burden
of the proposed controller, the real value of R is not used to implement the controller
in CCM mode. Instead, the value of R is selected based on the load current level and
a series of comparison actions. It is assumed that for a specific application, i, i, <
to < fomaz- The [iomin: tomar] interval is divided into N sub intervals with equal
lengths. In this regard, the n-th sub-interval is denoted by [is min.n, tomaz.n), in Which
Goming = Tomin 4 (11— 1) 280 I0M0 qnd G = g i 2o () <y < N
1. Next, for every switching cycle during converter operation, successive comparisons
are made to indicate which of these sub-intervals i, belongs to. Assuming that the
load current belongs to the j-th sub-interval, the value of R.,,; is given by:

2Uo,ref

Reont = (3.12)

Lo,min,j T Lo,maw,j
The process of calculating R.,,; is shown in Fig. 3.8. The load current 7, is
compared with the maximum and minimum values of all sub-intervals and this
indicates which of these sub-intervals i, belongs to. Next, (3.12) is used to evaluate

Reoni- In the next subsection, the block diagram of the controller is provided.
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Current Level

- lo,max,N
- lo,maz,N—1 = Yo,min,N
Pseudo Code for Algorithm Implementation
Lo—>] .OMaT) for (k=1;k<(N-+1):k+-+)

- Lo,min,j ) ] ] ]

: if (Zo > Zo,min,k) and (Zo < lo,maw,k)

27-)0,7‘5

n — 9 RCO’I’Lt = io min k+iofmaz k
- Lo,max,2 = Yo,min,3 T ' '

. o end
-lo,max,1 — to,min,2

. ' end
L0, min,1

Figure 3.8: Implementation of R,,,; Calculation Algorithm

3.4.6 Final Formulation and Block Diagram of Proposed
Controller in CCM

In this subsection, the block diagram and the final formulation of the proposed
controller are developed. In this regard, R.,,; and the estimated inductor current

i1, are incorporated into (3.7), to obtain the final control law expressed as:

1 Vo i 2L ( » Vo,ref >
d=1— Vin UinTs Rcont

oLk, oLk,
- - - - ¢
UinTs (Uo Uo,ref) /UinTs /(Uo Uo,ref)d

(3.13)

The block diagram of the proposed control system is observable in Fig. 3.7. As this
figure shows, the inductor current is first estimated by a Luenberger observer and
then the estimated current is applied to the control system. Moreover, the controller

uses R.on: as the nominal value for the load resistance.

3.4.7 Derivation of State Space Model of Closed-Loop Sys-
tem and Steady-State Analysis in CCM

To make a comprehensive analysis of the proposed controller, the state space rep-
resentation of the closed-loop system should be derived. This enables performing
steady-state, dynamics, stability, and sensitivity analyses for the proposed closed-
loop system. Finding the equilibrium point of the system using the state-space
representation enables steady-state analysis. Also, by linearizing the state-space
model around the equilibrium point, the system poles can be found. The location
of these poles indicate the stability status of the system, as well as its dynamical
profile. Moreover, by changing different contoller and system parameters, it can be
investigated that how sensitive the poles’ locations are to these changes. The closed-
loop system associated with the proposed controller can be described using (3.9) the
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averaged model of a buck converter in CCM, (3.10) the observer model, and (3.13)
the control law. To conduct the analysis, the term f = f (Vo — Vores)dt is defined.
Also, it is assumed that instead of the real L and C' values, the observer and the
controller use Ly and C for the inductance and capacitance values. Considering iy,
Vo, i1, Uy, and f as state variables of the system, (3.9), (3.10), (3.13) may be used
to obtain the state space model of the closed-loop system as:

1— & + 2Lf <ZAL _ Uo,ref)

@ _ Vo + Vin - Vin vinTs Reont
it~ L L gy 2k

vinTs o o,ref VinTs
dv,  ip Vo
dt C RC

Vo 2Lf ~ Vo,ref

RN N s A O ) an
it ~ Ly Ly 2gky o 2k

vinTs o o,ref vinTs

+ my (UO — UAO)

dv,  ip, ¥y .
a Cf Rconth +m2(vo Uo)
af _

dt Vo — Vo,ref-

The values of the states variables of the system at the equilibrium point are denoted

by ir*, v,*, ir", v," and f*, respectively. If the time-derivatives of the state variables
of the system are set equal to zero in (3.14), the equilibrium point values are found

~ 2
* Nk - % __ Voref oK __ Yo,ref * vinvo,refTsf'Uo,'ref Ts
as Uo" = Uo = Uopef, I” = 25+, tn = ot and f* = STy, . The

detailed derivation process of this equilibrium point is provided below. Using the

% mathematical expression in (3.14), the equilibrium point f* can be found as

%@(f = f*) = 0" —Vorer = 0. In other words, v,* = v yes. Using the mathematical

expression for % in (3.14) results in Do (1) = v,%) = Lr — %= = 0. As a result,
iyt =% = <l Similarly, setting & SkQ(ip =i.") = 0 in (3.14) results in:
o>|< 2L Nk o,re
1-— Y + / (ZL - U’—f>
1— Vin UinTs Rcont — Yo,ref (3 15)
2Lk 2L ¢k; Vin '
—ﬂ(vo*—vomf)— f f*
UmTS ’ UinTs

Using dZL in (3.14) as well as (3.15) results in dzL@( iL=in) = IZ)f + Ulz:;?:f N
dvo

M1 (Voref —0o") = 0. As aresult, 4," vo ref- Usmg this result and expression of
in (3.14) result in Le@(0, = vyep) = o

. R(‘ontcf + Mo (Voref — Voref). From thls

. SOX v, . . . . o1 .

equation, iy, = é”—”’: is obatined. This result as well as other obtaine dequilibrium
- _ 'Uinvo,'refTs_'Uo,Teszs
- 2L poink :

point values, along with (3.15) yield f* This completes the
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derivation process for the equilibrium point of the closed-loop system. As observed
from the derivation, there is no steady-state error in the output voltage of the
converter, regardless of mismatches between Ly and L, Cy and C, and R, and R.

3.4.8 Dynamics, Stability, and Sensitivity Analyses in CCM

In this subsection, the dynamics of the system is investigated for the proposed
controller in CCM. Next, the system poles are calculated and shown to be on the
left half of s-plane, guaranteeing a stable operation.

To conduct the analysis, the state space model presented in (3.14) is linearized
around the equilibrium point. Following this method, the Jacobian matrix associated
with the system J can be calculated. Using this matrix, the system poles can
be calculated and used later on to investigate the dynamical characteristics of the
system, as well as the system stability. Also, the effect of controller and converter
parameter values on the locations of the poles can be investigated using case studies
and the root locus analysis. The Jacobian matrix J is given by:

J=[| L] Js|Ju|Js] (3.16)
in which, Ji, Js, J3, J4, and J5 are the first, second, third, fourth, and fifth columns

of the Jacobian matrix and are given by:

- B 2LfkpvinfvinTs+2Ton,'ref T
0 2LT€(Uin_Uo,Tef)
1 =1
C RC
Jl — 10 J2 — | @Lskp4Ts)vin+2L; Tsmi (Vin—"o ref)
O ’ 2LfTs(Uin_Uo,ref)
0 "
| 1
—Lfvm T B O N
LTs(vinfvo,ref) O
0 Li—1
v —myLy—
== Yin = - 7. 3.17
J3 Ts ('Uin_vo,'ref) ’ J4 L}é ( )
1 —1—mgo conth
Cf Rcontcf
0 0
B Lfki'Uin
LTs(vin_vo,ref)
0
J- = kiVin
5 Ts(vin*vo,ref)
0
0

To investigate the stability of the system and the sensitivity of the system poles
to the mismatches between L and Ly, C' and Cy, and R and R, the following
case-study is provided.
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Case Study 2: A buck converter with v, =12V, v, ,.;=3.5V, L=6 pH, f;=200
KHz, and C=30uF and R=1.8Q2 is assumed. It is also assumed that k;=-5000 and
k, = ﬁ — «, in which 4 < a < 9 and R..,;=1.25 €. Two cases are considered. In
the first case, Ly = L and C; = C'), while Ly = 1.5L and C; = 1.5C' in the latter.
The poles of the system which are the eigenvalues of the matrix J based on (3.16)
and (3.17) are plotted for 4 < a < 9. The obtained root-locus diagram is given in
Fig. 3.9. As this figure shows, the sensitivity of the system poles to the variations of
Ly and Cf is low. Moreover, as the system poles are on the left half of the s-plane,
the system is stable. As Fig. 3.9 suggests, the real values of the system poles are
comparable to f;. Therefore, the closed-loop system has fast dynamics. In the next

subsection, the proposed controller is extended to DCM for a buck converter.

x 107 System Poles in Minimum Load Current for 4 < o < 9
_ _igt%x
9 a*? a=9 T — m L;=L,Cs=C
\ * x L;=15L, Cf=1.5C
14 p - a=4
30
=4
-1
‘l’; a=4
2 ¥ oox X
a=9 a=1Y xx* x*

-1.47 -1.465 -1.46 -1.455 -1.45 -1.445 -1.44 -1.435 -1.43
o x10°

Figure 3.9: Root Locus Diagram for Proposed Controller in Case Study 2

3.4.9 Controller Design Procedure in CCM

In this subsection, the controller design procedure for a buck converter operating
in CCM is presented. The approach used here is based on derivation of open loop
transfer function of the system and desingning controller parameters to obtain op-
timal phase margin, gain margin, and bandwidth levels. In this subsection, V,(s),
Vorer(5), Vo(s), I(s) D(s), and R(s) denote small signal variations of the output
voltage, reference output voltage, observer estimated output voltage, observer es-
timated inductor current, duty cycle, and the load resistance in Laplace domain,
respectively. Also, the signal values in the equilibrium point are marked by * sign,
similar to the previous subsection. If (3.10) is linearized around the equilibrium

point, rewritten in the Laplace domian, and finally solved for I £(s) in terms of v,
and D, I, (s) is obtained as:

§2+ (Mg + g—a)s + MR (3.18)
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Figure 3.10: Small-signal Model of the Closed-loop System in Laplace Domain

In this subsection, only the effect of R(s) on the output voltage is of interest.
Therefore, it is assumed that v, ,.¢ is constant during load step i.e. ‘70,“3 #(s) = 0.
This assumption, along with linearizing (3.13) around the equilibrium point and
rewriting the obtained equation in the Laplace domain lead to:

D= Hg(s)‘Z) + H4(8)I:L

(71 _ 2Lkp) 2Lk

Vin vinTs VinTs

H = 3.19

3(5) (2d* — 2)s (3.19)
2L

Ha(s) = .
) = T e —9)

By writing KCL in node O of the buck converter in Fig. 3.7, linearizing it around
the equilibrium point, and rewriting the resultant equation in the Laplace domain,
I (s) is obtained as:

~ 1 ~ fUO* ~
[L<S) = <C$ + E) V:) - R*2R (320)

Also, from the same figure, it is known that vmcz -0, = L%. Rewriting this
equation in Laplace domian as well as (3.20) lead to:

Vo(s) = Hs(s)D(s) + Ho(s) R(s)

.
H — m
)= Teay Lst1 (3.21)
Lv,*s
HG(S)

T R(LOS + Ls+ 1)

The controller, circuit, and observer loops are shown in Fig. 3.10. According to
this figure, the open loop transfer function of the system I'(s) is given by:

I(s) = —Hs(s)(Ha(s)Ha(s) + Hj(s)) _ Z?Zl a;s’
1— Hl(S)H4(S) Zi:l b,s°
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in which,

a3 = 2RC ReonikpL® + RReoniCT,L

ay = —2CL*RRont(—my + k; + kyms) + 2Ly Rk, + LRT,
+ LCRR cont Ty

a; = —2L2R(m1 — ki — Reontkpymy — CReontkimsa) + R

X Reont(Ts + 2Lk, + LTsmy + 2LCmy)

ap = k;L(my L+ 1)

(3.23)

and,

bs = 2C%L2RRconi T, (d* — 1)
by = 20L°Ty(d* — 1)(R + Reont) — 2C*L*RR oy
x (1 4+ Tymao(1 — d¥))
by = [T5(d" — 1) = CReoni(1 + T5(1 — d")(m2 + Rmy))]
x2L? —20°L*R — 2C? L* RR oy
— ALCRR o Ts(1 — d*) (3.24)
by = 2LT(d* — 1)(Reont + R+ LReonsy) — 2CL* Reons
xmy — 2L*C? — 2LC RRcont (1 + Tymy(1 — d¥))
by = —2LRC? — 2LRRoni(moC + myTy(1 — d*)) — 2R
X ReontTs(1 — d¥)
bo = 0.

Also, the transfer function H(s) = % can be obtained as:

Vo(s) _ H(s)

Hi(s) = R(s) 1+T(s)

(3.25)

Case Study 3: This case study verifies the accuacy of (3.25). A buck converter
operating in CCM is assumed with v;,, =12V, v, ,¢y=3.3V, L =6.3uH, C' =30uF, and
fs =200KHz. The buck converter feeds a resistive load and the load current changes
from 5.1A to 1.7A in a load step. The closed-loop system is simulated in PSIM
and the output voltage waveform during transient period is recorded and averaged
over each individual switching cycle. Next, in MATLAB, an equivalent load step is
applied to a system expressed by Hz(s) in (3.25) and the output voltage waveform is
observed. The output voltage waveforms obtained by PSIM simulation and transfer
function simulation in MATLAB are compared with each other in Fig. 5.6. As this
figure illustrates, these two waveforms are appoximately identical after the first four
switching cycles during load step transient. The differences observed in the first four
switching periods is due to the fact that the proposed system model is an averaged
model and may be not exactly equal to the actual system model at high frequencies
close to the switching frequency. However, the undershoot level and recovery time
values and other dynamical characteristics are predicted well by (3.25) in Fig. 5.6.
This validates the accuracy of system model derived in this subsection.
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Output Voltage Transient in 5.1A-to-1.7A Load Step
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Figure 3.11: Comparison between Theoretical and Simulation Load Step Responses
Using the Proposed Controller in Case Study 3
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Figure 3.12: Bode plot Associated with Open Loop Transfer Functon ~(s) in Case
Study 3

Fig. 5.6 is obtained using these control parameters: k; = k;=0.5, k, = ﬁolm—l—l&
k; = —40000, and R..,; =1.53€2. The bode plot associated with the open loop trans-
fer function v(s) of the system with these control parameters in this case study is
plotted in Fig. 3.12. As this figure shows, the crossover frequency and the phase
margin values are 1.12e+5 rad/s and 62.8°, respectively. The parameters are des-
gined such that the phase margin becomes close to the ideal value of 60 degrees.
According to Fig. 5.6, the undershoot levels is below 2 percent of the nominal out-
put voltage. Also, the recovery time is 8 switching cycles. This is in accordance
with a suitable phase margin and bandwidth level in Fig. 3.12.

To ensure the propsoed controller is designed with sutiable phase margin and
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Figure 3.13: (a) Schematic of a buck converter in DCM and (b) inductor current
waveform in DCM

bandwidth levels, the controller design procedure should include the following steps:

Step 1:: The parameter values for k; and ks are selected to set observer dynam-
ics. Typically, ky = ko = 0.5 is suitable. The observer gains m; and my are then
calculated based on (3.11).

Step 2: Assuming i,min < o < %omas, @ value is selected for N and R is
evaluated online based on Fig. 3.8.

Step 3: Since the proposed controller decouples converter dynamics from the
load, the open loop transfer function I')(s) in (3.22), (3.23), and (3.24) approximately
remains unchanged with variations of R. Therefore, by arbitrarily taking R = Z}:ﬁ
(3.22),(3.23), and (3.24) are used to design k, and k; values to obtain target values
for w. and phase margin. Normally, a phase margin of 60 degrees is desirable. In
fact, to reach the target w. and phase margin levels, two nonlinear equations based
on |I'(jw)| and the phase of I'(jw) should be solved using numerical methods. The
process mentiond in Steps 1-3 is done for Case Study 3 and the resultant control
parameters and bode diagram are discussed in previous paragraphs.

9

3.4.10 Controller Derivation and Design for Buck Converter
in DCM

This subsection shows how the proposed controller discussed in the previous subsec-
tions can be extended to a buck converter operating in Discontinuous Conduction
Mode (DCM). The schematic of a buck converter operating in DCM, as well as the
inductor current waveform are shown in Fig. 3.13. KCL at node O in Fig. 3.13
results in:
dv, v,

i + 7 (3.26)
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By averaging both sides of (3.26) over one switching cycle during transient, iz, 4.,
is obtained as follows:

C(vo(Ts) — v,(0)) i U0<O).

Z.L7avg = Ts R (327)

In (3.27), v,(Ts) and v,(0) are output voltage values at the ending and the begin-
ning instants of a switching cycle, respectively. Also, in the averaging process used
to derive the second term in the right hand side of (3.27), it is assumed that the
output voltage approximately remains constant during one switching cycle. This as-
sumption results in the average of v, to be equal to v,(0), within one switching cycle.
Using the inductor current waveform shown in Fig. 3.13(b), the average inductor
current can be found as:

in — Yo Tsd d d
i avg = (0 — v <0);L 1+ da) (3.28)

In Fig. 3.13, when @) is conducting, the inductor voltage is v;, — v, and when
D is conducting, the inductor voltage is —v,. Therefore, using Fig. 3.13(b) and
considering the time-derivative of the inductor current imposed by the inductor
voltage during a switching cycle, (20) is obtained as:

d2 Uin — UO(O)

_— = 3.29
dl UO(O) ( )
By eliminating dy between (3.28) and (3.29), iy, 4y is obtained as follows:
. o (Uin - UO(O))Tsvindl2
UL,avg = QLUO(O) . (330)
From (3.27) and (3.30):
(Vin — 16(0)) Tsvind:? dv,  v,(0)
=(C—+ —. 31
2L, (0) “a@ TR (3:31)

As stated earlier, the system’s dynamic profile gets degraded at high load current
levels, or equivalently low R values. So, based on (3.31), the control law is designed

to decouple % from R. The control law is selected to artificially produce a term of

”"T@ in the left hand side of (3.31). This way, the two terms of UOT® in both sides of
(3.31) cancel out each other and the system dynamics gets decoupled from R. The
targeted dynamics for v, is @2 = g(v,), in which g(v,) is a function of v,. To realize

this dynamics, the control law is desgined as:

2Lv,2
i = \/ Ty + ) (3.32)

where, f(v,) is a function of the output voltage, which directly stipulates the
system dynamics and should be selected. Equations (3.31) and (3.32) result in the
closed-loop dynamics expressed by:
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dvo . (Uin - Uo>Tsvin
dt  2LCw,

f(vo) = g(vo)- (333)

At this point, the constraints associated with f(v,) need to be derived. To have
the equilibrium point at v, = v, s, the requirement of g(v,,.r) = 0 must be met.
Using this requirement and (3.33), along with the Taylor series of the function g(v,)
around the point of v, = v, ,cr, (3.34) is obtained. In derivation of (3.34), terms
with order 2 and above are ignored.

dv,  [0g(v,)

= 30, Q(vy = Voref) | (Vo — Voref) (3.34)

Equation (3.34) represents a first-order dynamic system with the pole of — 85’ U") Q(v, =
Vo ref)- Accordlng to the Nyquist stability criterion, the system pole cannot be made
less than 2_7, which itself provides the fastest system dynamics possible. As (3.34)
is derived by ignoring terms with order 2 and above in the Taylor series, the system
pole must be placed at = 2T , in which K is a real number between 0 and 1. The K’s
value must be selected slightly less than 1 to ensure system stability regardless of

the mentioned ignored terms. The discussed concepts and (3.34) result in:

9g(v,) B K
To, Q(vy = Vg pef) = T (3.35)
Equations (3.34) and (3.35) result in:
df —KLCu et
Q(v, = Vo ref) = ’ . 3.36
dvo (U v f) (Uin - vo,ref>T82Uin ( )

There are many functions satisfying (3.36) and f(v, ) = 0. In this chapter, the
following linear function is selected:

-K LCUO ref
V,) = . Vo — Upref)- 3.37
f( ) (Uin o onref)T32U1n< B f) ( )
. . s . . . dve
To satisfy the Nyquist stability criterion, the fastest possible rate for < can be

expressed by %(vo — VUoref). Moreover, selecting the linear function expressed by

(3.37) results in a %= which is equal to g(v,), as illustrated by (3.33). Equations
(3.32) and (3.37) result in (3.38), which expresses the final control law for DCM.

2L 02 _KLC o,re o Voyre
d, :\/ v Vores (Vo = Vores) (3.38)

RTsvin (Uin - UO) (Uin - Uo,ref)TSQUin

The overall control system is shown in Fig. 3.14. As Fig. 3.14 illustrates, the
load resistance value applied to the controller R.,,:, is calculated by dividing the
output voltage by the load current. Next, using (3.38), the duty cycle is calculated.
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Figure 3.14: (a) Schematic of a buck converter in DCM and (b) Proposed Controller

3.4.11 Verification of the Controller’s Derivation Process

In this subsection, the accuracy of the controller derivation process is shown. As

mentioned earlier, the proposed controller places the system’s pole at % This

suggests that the system’s time constant is 2[T(S , regardless of the load step magnitude.

To validate the provided equations, the following case studies are provided.

Case Study 3: This case study assumes a 1A-to-10A load step in a buck con-
verter with vy, = 12V, vg,ey = 3.3V, fs = 200KHz, L = 500nH, C' = 600uF.
Using computer simulations, the system’s time constants are measured and plotted
vs. K in Fig. 3.15. This figure compares simulation results with the time constant
equation of % obtained by theoretical analysis. Fig. 3.15 shows that the theoretical
and the simulation results are matched well.

Case Study 4: This case study assumes the two load steps of 1A-to-4A and
1A-to-10A and K = 0.7, in the same converter as in Case Study 3. Fig. 3.16
shows the associated voltage transients, suggesting identical dynamic speeds for
both load steps. After a load step, it takes one switching cycle for the controller
to see the R’s value change and another cycle to calculate the required duty cy-
cle. In the third switching cycle, the duty cycle is updated and the output voltage
starts to recover, resulting in presence of an inevitable overshoot/undershoot. The
overshoot /undershoot level is determined by load step magnitude, as a current with
the same level flows through the capacitor within the first two cycles after a load
step. The proposed controller minimizes the overshoot/undershoot level and the
output voltage starts recovering after these two cycles, avoiding any extra voltage
deviations. Fig. 3.16 illustrates the concepts discussed.
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Figure 3.16: Output Voltage Transients for Different Load Steps

3.4.12 Controller Analysis

Stability Analysis: To conduct the stability analysis, (3.31) and (3.38) can be
used to derive the closed-loop system model as:
dvo _Kvo,ref ('Uo - Uo,ref)(vin - Uo)

at 2T 50, (Vin, — Voref) ’ (3.39)

dvo _

Applying v, = Vo ey to (3.39), ¢ = 0 is obtained. Linearizing (3.39) around the
system equilibrium point v, = v, s leads to:

dv, —K

= = o7 (Vo — Voref)- (3.40)

Equation (3.40) shows that the system has one pole at % which is always in the
negative half of s-plane, ensuring system stability. Fig. 3.17 shows the root locus
diagram of the system for f, = 200KHz and 0.2 < K < 1.
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Figure 3.17: Root Locus Diagram for the Proposed Controller

Sensitivity Analysis for Steady-State: This part investigates how the un-
certainties in L and C values affect the system performance. It is assumed that the
controller uses Ly and Cy as inductance and capacitance values, while the corre-
sponding actual values are L and C, respectively. Equations (3.31) and (3.38) result
in (3.41), which expresses the system model in state-space domain under these as-
sumptions.

dv, (Ly—L)v, KLiCr(vy—0in)Vorer(Vo— Vores)

= 3.41
dt LRC + 2LCUOTS (Um — Uo,ref) ( )

The steady-state value of the output voltage is denoted by v,*, which is assumed
to be close to v,,er in value. This assumption will later be verified. Using this
assumption, the right hand side of (3.41) can be approximated by its first-order
equivalent Taylor series around v, = v, ref. Setting dsto = 0 in (3.41) and writing the
first-order Taylor series of right hand side of (3.41) around v, = v, ,¢s result in:

V" — Vorey  2(Ly— L)Tj

= 3.42
Vo,ref RCfKLf ’ ( )

which expresses the steady-state error in the output voltage as a function of uncer-
tainties in L and C values. Case Study 5 validates (3.42).

Case Study 5: To validate (3.42), a buck converter is assumed with L=500nH,
C=600uF, K=0.7, v,ef=3.3V, f;=200KHz, v;,=12V, and R=0.33€2. Also, it is
assumed that Ly and Cy vary between 80 percent and 120 percent of L and C,
respectively. Fig. 3.18 makes a comparison between the output voltage error in
percent obtained by (3.42) and simulations. The waveforms correspond to either
Li#L,Cy=C or Cy#C,Ly=L. Fig. 3.18 shows that the general profiles of waveform
variations are the same in simulation and theoretical results. There is just a small
constant difference of 0.25 percent between simulation and theoretical results, which
arises from assuming the output voltage constant in a switching cycle while deriving
the controller. Fig. 3.18 suggests a maximum output voltage error of 1.5 percent,
validating the previous assumption in derivation of (3.42). This also shows that the
proposed controller has a low steady-state sensitivity.
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Output Voltage Steady-State Errors obtained by Theory and Simulation
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Figure 3.18: Comparison Between Output Voltage Error in Percent Predicted by
(3.42) and Obtained by Simulation: Err,: Output Voltage Error in Percent, Errp:
Error Percentage for the Inductor Value Used by the Controller, Errqo: Error Per-
centage for the Capacitor Value Used by the Controller
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Figure 3.19: Comparison Between Output Voltage’s Time Constant Predicted by
(3.43) and Obtained by Simulation: Erry: Error Percentage for the Inductor Value
Used by the Controller

Sensitivity Analysis for Load Transient Recovery Times: To analyze
the system performance in the transient period, equation (3.41) must be linearized
around the equilibrium point. For this purpose, the derivative of right hand side of
(3.41) with respect to v, is calculated at v,*. Using this approach, the system pole
A is found as expressed by (3.43). Case Study 6 validates (3.43).

@)@ e

Case Study 6: In this case study, the system parameters are the same as in
Case Study 5. The time constants of the output voltage predicted by (3.43) and
obtained by simulations are compared in Fig. 3.19, showing matched values. This
validates (3.43).
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3.5 Application of Proposed Controller in Other
Converters

As an example of applying the proposed control concept to other converters, this
section presents the formulation of the controller for the Cuk converter. In this
section, just the final results and the final control law are presented. Fig. 3.20
presents the schematic of a Cuk converter.

Following the same methodology used to derive the controller for a buck converter
operating in CCM, the control law for a Cuk converter operating in CCM is expressed

as:
Vo —2L e Vo,re
1+ 2+ =2 (ZLQ — —f>
. Vo1 UClTs Rcont
d=1- (3.44)
2ok, . 2ok / : it
Vo — Vore = Vo — Vo,re
venT, T e T, el

In (3.44), vcy and @ Lo are the values estimated by the observer, corresponding to
vor and 1.

Case-Study 7: This case-study assumes a Cuk converter with L; = Ly = 4uH
and C7 = ¢y = 50uF. The input voltage is 12V, the switching frequency is 200KHz,
and v, .y = 3.3V. Also, for each inductor and capacitor, a 5m(2 equivalent series
resistance (ESR) is assumed. If the load current increases from 1.7A to 5A at
t = 0.01s and the proposed controller is applied to the converter, the output voltage
waveform will be as shown in Fig. 3.21. As this figure illustrates, the recovery
time of the output voltage is equal to 2 switching cycles and the undershoot level is
0.12V. This verifies the effectiveness of applying the proposed controller to the Cuk
converter. In the next section, simulation results are provided.

3.6 Formulation of a Generalized Version of Pro-
posed Controller for Other load Types

So far throughout this chapter, resistive loads have been assumed for DC-DC con-
verters. However, DC-DC converters may supply power to other passive or active
load types, such as secondary DC-DC converters or DC motors. Therefore, while
maintaining the underlying control concept, it is important to modify the proposed
controller to make it applicable to all load types.

It is worth mentioning that DC-DC converters used in the intermediate stage of
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Output voltage in Cuk Converter For 1.7A-to-5A Load Step at t=0.01s
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Figure 3.21: Load Transient Response of a Cuk Converter with the Proposed Con-
troller for 1.7A-to-5A Load Step

a data center architecture supply power to several DC-DC converters connected
to points of load. Load-connected DC-DC converters regulate voltage levels at
their output terminals and based on these voltages and load types, a current passes
through each load. Therefore, the amount of power consumed by each load is di-
rectly a function of the voltages at points of load and is changed in load steps.
Therefore, the load seen from the output terminals of an intermediate stage DC-DC
converter in a 12V data center power management system, can be modeled by a
constant power load (CPL).

The buck converter model expressed by (3.5) is valid for resistive loads and its
generalized version can be obtained by substituting the term ””—}(zm by i,(0). There-
fore, the genralized buck converter model in CCM is derived as:

—VinTod? + 20, Tod — v,(0) T CUO(TS) — 1,(0)

2L T, (3.45)
+ i, (0).

ir(0) +

To eliminate the effect of i, on v, in (3.45) or equivalently, to extend the controller
to all load types, the duty cycle d is selected such that:

— Ui Tsd? + 20, Tsd — v, T
2L

= (—ig + o)
+ kp(vo — Vores) (3.46)
+ k; /(vo — Vg ref)dl.

Similar to the case of resistive loads, iy is estimated by an observer and the
estimated inductor current is denoted by ir. Based in (3.46), the control law is
expressed as:




The luenberger observer used to estimate the inductor current value can be de-
rived using the same approach introduced in this chapter. The final observer is
represented as:

di, U, md - o)
0 — T T mi(Vy — Vo
d'UAO ZL 7/0 ~

d C C

Case studies 8 and 9 investigate the performance of the proposed controller,
when a buck converter supplies power to a constant power load (CPL). To derive
the generalized controller in this section, the duty cycle was selected to induce an
artificial i, term in the left hand side of (3.45). This approach was taken to cancel
out the i,(0) term in the right hand side of the same equation and decouple the v,
dynamics from the load type and current. However, the output current level used
by the controller, 7, is different with the actual output current i,. This is because
1, is sensed by a bandwidth-limited sensor and later passes through zero-order hold
and analog to digital converters to form i,.. While case study 8 investigates the
controller performance for the ideal case of i,. = i,, case study 9 presents controller
performance for a system with bandwidth-limited current sensors and zero-order
hold and quantization effects.

Case Study 8: A buck converter is assumed with an input voltage of 12V, a
reference output voltage of 3.3V, L = 30uH, C' = 30uH, and f; =200KHz. At
t = 18ms, the constant load power is changed from 40W to 20W. The effects of
the zero-order hold and analog to digital converters, as well as the bandwidth of
the output current sensors are ignored. The output voltage waveform is shown in
Fig. 3.22. As this figure illustrates, the output voltage reaches the 1 percent band
around v, ,.; = 3.3V ithin 8 switching cycles. So, the recovery time is 8 cycles and
the overshoot level is 0.1V.

Case Study 9: In this case study, the system parameters are the same as the
previous one. However, the bandwidth of the output current filter is assumed to be
1KHz. Also, i, passes through a zero-order hold block with a sampling frequency
of 200KHz and is quantized through an analog to digital converter. The obtained
signal 7, is used by the controller later on. The constant load power is changed from
40W to OW at t = 18ms. The transient response of the buck converter is shown in
Fig. 3.23. As this figure shows, the filtered current value is different from the actual
load current. However, the output voltage reaches the 1 percent band around 3.3V

within 9 switching cycles. So, the recovery time is 9 cycles and the overshoot level
is 0.22V.

3.6.1 Dynamical Analysis for CPL Loads at Different Out-
put Current Filter Bandwidths
This subsection provides a dynamical analysis for the proposed controller applied to

a buck converter feeding a CPL load. The effects of the zero-order hold and A/D
blocks, as well as the output current filter bandwidth are considered in the analysis.
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Figure 3.22: Load Transient Response of a Buck Converter Feeding a CPL with the
Proposed Controller for 40W-t0-20W Load Step in CCM

15 Actual and Filtered Load Current with 1KHz Bandwidth For 40W to OW Constant Power Load Step at t=18ms
9

o,actual

e io,f?ltered

10

= . -‘.H“'H.HL

T

\

0.0178 0.0179 0.018 0.0181 0.0182 0.0183 0.0184 0.0185
Time(s)
Output Voltage For 40W to OW Constant Power Load Step at t=18ms

35 //\\
34

v, (V

3.3 2
AN
3.2
0.0178 0.0179 0.018 0.0181 0.0182 0.0183 0.0184 0.0185

Time(s)

Figure 3.23: Load Transient Response of a Buck Converter Feeding a CPL with
1KHz current filter and ZOH blocks for a 40W-to-OW Load Step

It is assumed that the output current filter for the current sensor can be modeled
by a first-order butterworth filter. In other words, the transfer function of the output
current sensor filter is assumed as ﬁ, in which « is the reciprocal of the bandwidth

in rad/s. According to [113], the overall effect of the zero-order hold and A /D blocks
can be modeled by a time delay with the length 7T};. In the Laplace domain, this time

Ty
—Tys [113]. Therefore,

S

delay is modeled by e™"4*, which can be approximated by

1- 2
1+%s
the relationship between i,. and 7, is expressed as:
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(2 — TdS)]O
aTys? + (Ty+20)s + 2

11— Tug
I,.=1 2

5 = 3.49
1—|—Oé81—|—%3 ( )

Converting (3.49) into its equivalent differential equation in time domain leads
to:
d*i di
oc T 2
pTE + ( 1+ 2a) p
To obtain the state-space representation of the system for a CPL load, new state
variables o7 = 140, o = dzlic,ﬂjg = i, are defined based on (3.50). If the power level
of the CPL load is denoted by P*, then v,i, = P*. As P* is constant for a CPL
load, dd% = 0. This yeilds d;t" 1o + %vo = 0. Therefore, the relationship between v,
and 1, for a CPL load can be expressed by:

dip  —igdv,  —igio+ i,

dt v, dt Cv,

Following the same methodologies used before in this chapter and by using the

equations in this section, the state space representation of the system is obtained as
(3.52).

In the next case study, this state space representation in linearized around the

equilibrium point of the system and the system poles are plotted in a root locus

diagram. It is shown that the real values of the system poles are approximately in-

dependent from the output current filter bandwidth, ensuring fast system dynamics
at even low sensor bandwidth levels.

OéTd

% oo = 2, - (3.50)

(3.51)

1-— Yo 2Ly (iA —x )
dis _ v v | |N v ey T
i~ L L 2ghy 2k
UinTs ? oref UinTs

dv, i, T3

it~ C C
vo 2Lf ~
~ . 1— =+ (z o )
dlilJ — _E Uﬂ 1 . vin vinTs L 1
@ Ly Ly 2L ¢k oL ¢k
UinTs (7)0 Uo,ref> ’UinTS f
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Figure 3.24: Root Locus Diagram for Case Study 10

Case Study 10: A buck converter feeding a CPL load is assumed with v;, =12V,
Voref =3.3V, fs =200KHz, P* =40W, L = 30pH, and C' = 30uF. By linearizing
(3.14) around the equilibrium point of the system, the root locus diagram shown
in Fig. 3.24 is obtained. This figure shows the root locus diagrams for the output
current sensor filters with 1KHz and 100KHz bandwidth. As illustrated by Fig. 3.24,
the real values of the poles are approximately imilar for different bandwidth levels.
This verifies that the output current sensor filter do not make a noticeable impact
on system dynamical speed. To obtain this figure, it is assumed that T; = 27T;. Also,

k, = _Cﬂ_;: and k; = —%. To obtain the root locus diagram at every point, it is

assumed that g = v and the system poles are designed at % and #

Case Study 11: This case study investigates the behavior of the proposed con-
troller when the load is another closed-loop converter and therefore, has a negative
input impedance. In this case study, a buck converter with parameters identical to
[5] is assumed. The parameters of this buck converter are already provided in Table
3.4. This buck converter acts as the main buck converter numbered as converter 1,
and is feeding another buck converter numbered as 2. The main buck converter is
controlled by the proposed controller in this chapter and the second buck converter
has an input voltage of 10V, a reference output voltage of 3.3V, a switching fre-
quency of 2MHz, an inductor of 50puH, and a capacitor of 30uF. The second buck
converter feeds a resistive load and experiences a load step current from 6A to 10A.
A PI controller is applied to buck converter 2, with kp=0.1, ki=100. This controller
is intentionally designed to have slow dynamics with considerable undershoot level,
such that the performance of the main controller in presence of major negative load
impedance can be assessed. Fig. 3.25 shows the waveforms associated with the
main buck converter 1 and buck converter 2. As this figure shows, the output volt-
age waveform of main buck converter has an overshoot level of 0.06V, that is below 1
percent of 10V i.e. the nominal voltage. Therefore, the recovery time can be ignored.
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Figure 3.25: Load Transient Response of the System Composed of Two Buck Con-
verters in Case Study 11

This is while the output current of converter 2 reaches its steady-state value slowly
and this only has minimal impact on the main converter output voltage. Therefore,
the modofied proposed controller is able to deal with the negative input impedance
of the next power stage.

3.7 Simulation Results

This section provides simulation scenarios to validate the controller’s performance.

Scenario 1: A buck converter operating in CCM is assumed with v;, =12V,
Vo,erf =3.3V, L =6uH, C' = 30puF, and f; =200KHz. Using the proposed controller,
if the load current increases from 1.7A to 5A, the inductor current, load current, and
the output voltage waveforms are as shown in Fig. 3.26. As this figure illustrates, the
undershoot level for the output voltage is 0.18V. Assuming that the output voltage
is recovered from a transient state once |v, — Uy ef| < 0.020, 5, the recovery time
associated with the output voltage is equal to 8 switching cycles.

Scenario 2: A buck converter operating in DCM is assumed with v;,=12V,
Vo ref=3.3V, L=500nH, C=600uF, and f,=200KHz. The inductor has an equivalent
series resistance (ESR) of 1.15m2 and the capacitor has an ESR of 0.01€2. Also, the
capacitor has an equivalent series inductance (ESL) of 2.5nH. Moreover, the diode
has a forward voltage of 0.27V and a conducting resistance of 6m¢2. The MOSFET
has a drain-to-source resistance of 1.9mf). Fig. 3.27 shows the transient response in a
10A-to-1A load step. As Fig. 3.27 shows, the output voltage recovers in 7 switching
cycles and the overshoot level is 0.11V. The recovery time is measured based on
the number of switching cycles it takes for the output voltage to enter the ripple
band corresponding to the situation before the load step. Moreover, the overshoot
level is defined based on the difference between the maximum output voltage within
a typical switching cycle before the load step and the maximum voltage observed
during the transient period.
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Figure 3.26: Load Transient Response of a Buck Converter with the Proposed Con-
troller for 1.7A-to-5A Load Step in CCM
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Figure 3.27: Load Transient Response of Buck Converter Using the Proposed Con-
troller in a 10A-to-1A Load Jump

Scenario3: In this scenario, a buck converter with the same parameters as in
scenario 2 is assumed. In this part, the controller is designed to achieve na phase
margin of 60 degrees, to eliminate oscillations in the output voltage. For a single load
step from 5.1A to 1.65A, the system response is as shown in Fig. 3.28. Moreover,
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Figure 3.28: Load Transient Response of Buck Converter Using the Proposed Con-
troller in a 5.1A-to-1.65A Load Jump
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Figure 3.29: Load Transient Response of Buck Converter Using the Proposed Con-
troller in 20KHz Repetitive Load Jumps

for repetitive load steps with frequencies of 20KHz and 2KHz, the output voltage
and inductor current waveforms are shown in Fig. 3.29, Fig. 7?7, respectively.
Scenario 4:This simulation scenario investigates the proposed controller behav-
ior in buck converter transitions between CCM and DCM modes. The proposed
controller for CCM buck converter is applied to a hybrid CCM/DCM buck converter
with same parameters and it is figured out that the controller proposed in CCM can
indeed be applied to a hybrid CCM/DCM buck converter as well. Although the ob-
server model developed for CCM predicts false values for inductor current in DCM
nonsynchronous buck converter, the simulation results show that the observer model
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Figure 3.30: Load Transient Response of Buck Converter Using the Proposed Con-
troller in 2KHz Repetitive Load Jumps
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Figure 3.31: Controller Response for CCM to DCM Transition in Synchronous buck
Converters

used for CCM can provide voltage regulation and fast transient response and the
observer structure does not need to be updated. For a 12V /3.3V synchronous buck
converter with load current step from 4.8A (CCM) to 0.1A (DCM), the controller
response is shown in Fig. 3.31. According to this figure, the recovery time is 8
switching cycle and the overshoot level is 80mV.

For a 12V/3.3V nonsynchronous buck converter with load current step from 4.8A
(CCM) to 0.1A (DCM), the controller response is shown in Fig. 3.32. According to
this figure, the recovery time is 28 switching cycle and the overshoot level is 80mV.
As it is observed, the estimated inductor current considerably differs from the actual
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Figure 3.32: Controller Response for CCM to DCM Transition in Nonsynchronous
buck Converter

inductor current level. This is because the CCM observer is applied to estimate the
inductor current in both CCM and DCM modes. However, the proposed controller
can still provide low overshoot levels with suitable recovery times. Of course, to
further reduce recovery times, larger controller gains can be used in this case.

3.8 Experimental Results

This section provides experimental results to validate the effectiveness of the pro-
posed controller. Two buck converters operating in CCM and DCM modes were im-
plemented. For the buck converter operating in CCM, v;,, = 12V, 0, e = 3.3V, fs =
200KHz,L = 6uH and C' = 30uF. For DCM operating mode, the buck converter pa-
rameters include v, = 12V, v, ,er = 3.3V, fs = 200K Hz, L = 1.3pH and C' = 150uF.
The proposed control algorithm was implemented using a TT TMS320F28335 DSP
with 12-bit Analog-to-Digital converters. For a 1.7A to 5.25A load step in CCM
operating mode, the corresponding waveforms for inductor current, load current,
and output voltage are shown in Fig. 3.33. As this figure illustrates, the recovery
time for the output voltage is equal to 10 switching cycles and the undershoot level
is 0.2V. This figure shows load transient responses similar to Fig. 3.26 in Scenario
1 in Simulation Results section.

For a 5A to 1.7A load step in CCM operating mode, the corresponding waveforms
for inductor current, load current, and output voltage are shown in Fig. 3.34. As
this figure illustrates, the recovery time for the output voltage is equal to 5 switching
cycles and the overshoot level is 0.3V.

For a 1.6A to 5.1A load step in DCM operating mode, the corresponding wave-
forms for inductor current, load current, and output voltage are shown in Fig. 3.35.
As Fig. 3.35 illustrates, the output voltage recovery time is 5 switching cycles and
the undershoot level is 0.12V. This figure is similar to Fig. 3.16 in terms of the
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Figure 3.34: Inductor Current, Load Current, and Output Voltage Waveforms for
5A-to-1.7A Load Current Step

system’s dynamic speed and the fact that in both figures, the output voltage starts
to recover two cycles after the load step. In conclusion, Fig. 3.16 shows an enhanced
load transient response. Finally, the waveforms for a load step from 5.1A to 1.8A
in DCM mode are shown in Fig. 3.36. According to Fig. 3.36, overshoot level
and recovery time are equal to 0.15V and 7 switching cycles, respectively and the
dynamic profile of the output voltage is similar to Fig. 3.27. As it can be observed,
the converter dynamics is enhanced for the load step shown in this figure. Fig. 3.37
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Figure 3.36: From Top to Bottom: Inductor Current, Load Current, and Output
Voltage Waveforms for a 5.1A-to-1.8A Load Step

shows the converter’s waveforms for the case in which the output voltage reference
is changed from 3.3V to 2.3V in DCM mode. As it can be observed, the output
voltage has successfully tracked its reference value.
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Voltage Ripple Waveforms in Steady-state for CCM

Fig. 3.38 and Fig. 3.39 show buck converter waveforms in at steady-state, in
CCM and DCM modes, respectively.
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3.9 Comparison Results

3.9.1 Comparison with Existing Methods in the Literature

This subsection provides comparison tables to compare the peformance of the pro-
posed controller with other existing methods. A separate comparison table is pro-
vided for each comparison case. In each table, identical converter parameters are
assumed for the two methods compared. Table 3.1 compares the proposed control
method’s performance with [2]. In [2], a high-performance controller is proposed to
enhance load step dynamics of a buck converter. However, it is demonstrated that
for obtaining acceptable load transient responses and further dynamical response
improvements, it is necessary to use auxiliry circuits in the mean time [2]. Table 3.1
proposes comparison results in two cases of the auxiliary ciruit enabled and disabled.

As table 3.1 shows, the recovery times as well as inductor current and outpu
voltage overshoot /undershoot levels are smaller in the proposed controller, compared
with the method used in [2] with auxiliary circuit disabled i.e. third column of
the table. Moreover, the inductor current overshoot/undershoot levels obtained by
the proposed controller are considerably smaller than [2] with auxiliary circuits,
while approximately achieving similar dynamical performances. This considerably
reduces the inductor current ratings in the converter. Also, the second column in
Table 3.1 corresponds to two auxiliary switching during transients and two auxiliary
components. However, the proposed method does not use swtiching frequencies
higher than the steady-state switching frequency during transients and does not
use any auxiliary devices in the meantime. A sample controller performance for a
11.3A-to-1.3A corresponding to Table 3.1 is obtained using computer simulations,
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Table 3.1: Comparison of the Proposed Controller with [2]

2] w. | [2] w.o
References Proposed Auxiliary |Auxiliary
Input Voltage vy, (V) 12 12 12
Output Voltage v, (V) 3.3 3.3 3.3
Switching Frequency
in Overshoot/Undershoot 100/100 | 120/200 | 100/100
Transient fs jransient (KH2)
Switching Frequency at
Steady-State f steadystate (KHz) 100 100 100
Inductor Size (pH) 8.5 12.85 12.85
Capacitor Size (uF) 300 200 200
Max. Load Current i, ma. (A) 11.3 11.3 11.3
Load Current Step 10 10 10

Magnitude AZ, (A)
Number of Auxiliary
Switchings in 0/0 2/2 0/0
Overshoot /Undershoot Transients
Output Voltage
Overshoot/Undershoot vy, vyn (V)
Number of Transient
Cycles during
Overshoot/Undershoot Recovery
Time (tr X fs,tra,nsient)
Peak-to-Peak Output
Voltage Ripple (V)
Inductor Current Undershoot/Overshoot(A)| 4.3,3.4 9,10 | 7.5,4.2
No. of Aux. Components 0 2 0

0.32,0.2 10.32,0.13{0.81,0.32

473 14.15,3.56] 8.1,4.15

0.012 0.012 0.012

which is presented in Fig. refcomplfig. As this figure shows, the proposed controller
has provided a fast load transient response with low overshoot level.

Table 3.2 compares the performance of the proposed controller with [3].

As table. 3.2 illustrates, the proposed conroller has provided smaller overshoot
and recovery time levels compared with [3]. The system response obtained using the
proposed controller is shown in Fig. 3.41.

Table 3.3 compares the performance of the proposed controller with the method
presented in [4]. As this table illustrates, overshoot/undershoot levels and recovery
times obtained using the proposed controller are lower than [4]. Fig. 3.42 shows the
converter waveforms corresponding to the proposed controller applied to the buck
converter with parameters reflected in table 3.3.

Table 3.4 compares the performance of the proposed controller with the method
presented in [5]. As it can be seen, the undershoot level and revoery time using the
proposed controller is less than in [5]. The system response waveforms using the
proposed controller are shown in Fig. 3.43.
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Figure 3.40: Proposed Controller Performance in 11.3A to 1.3A Load Step for Com-
parison with [2]
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Figure 3.41: Proposed Controller Performance in 5A to 10A Load Step for Compar-
ison with [3]

3.9.2 Comparison with Traditional Controllers

In this subsection, the performance of the proposed controller is compared with two
traditional controllers, including PI and model-predictive (MPC) controllers. The
notations used in this part are the same as those used in previous sections to denote
time-domain small-signal variations and Laplace domain signals. In the first step, a
closed-loop buck converter with PI controller is analyzed and the system poles are
derived. The results will be used in the next step to design the best PI controller with
smallest overshoot levels and recovery times. For this purpose, the buck converter
which operates is CCM and is shown in Fig. 3.7, is considered. In this converter,

writing KVL and linearizing the resultant equation around the oprating point lead
to:

Vind — U, = Liy. (3.53)
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Table 3.2: Comparison of the Proposed Controller with [3]

3] w. 3] w.o
References Proposed Achi]liary Al[lx]iliary
Input Voltage vy, (V) 12 12 12 |
Output Voltage v, (V) 5 5 5 |
Switching Frequency
in Overshoot/Undershoot 200/200 | 200/200 | 200,/200
Transient f; ransient (KHz)
Switching Frequency at
Steady-State fs sicadystate (KHz) 200 200 200
Inductor Size (pH) 10 10 10 |
Capacitor Size (uF) 280 280 280 |
Max. Load Current iy mas (A) 10 10 10 |
Load Current Step 5 5 5

Magnitude AZ, (A)
Number of Auxiliary
Switchings in 0/0 2/2 0/0
Overshoot /Undershoot Transients
Output Voltage
Undershoot vy, (V)
Number of Transient
Cycles during Undershoot Recovery 3.8 3.8 7.6
Time (tr st,transient)
Peak-to-Peak Output

0.08 0.2 0.36

Voltage Ripple (mV) s s s
Inductor Current Overshoot(A) 1.25 N/A N/A
No. of Aux. Components 0 6 0

Writing KCL in node O in Fig. 3.7 and linearizing the resultant equation around
the operating point leads to:

~ dv, U, = —U," ~

S —C Yo R 3.54
= TR T e (3:54)

Also, the control law for a PI controller can be expressed as:

d=ky(vo — Voref) + ki /(vo — Upref)dl. (3.55)

If (3.55) is linearized around the system operating point and the resultant small-
signal equation is rewritten in the Laplace domain, the Laplace-domain small-signal
control law is obtained as:

sD = (ks + k) (Vo — Virer). (3.56)
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Table 3.3: Comparison of the Proposed Controller with [4]

References Proposed Au[ji]ligy
Input Voltage vy, (V) 15 15
Output Voltage v, (V) 3.3 3.3
Switching Frequency
in Undershoot 200 400
Transient f; ransient (KHz)
Switching Frequency at
Steady-State fu eagyorare (KH2) | 200 | 2V
Inductor Size (pH) 2 10
Capacitor Size (uF) 220 220
Max. Load Current i, ez (A) 15 15
Load Current Step 1 1
Magnitude A7, (A)
Number of Auxiliary
Switchings in 0 4
Undershoot Transients
Output Voltage
Undershoot vy, (V) 0.04 0.064
Number of Transient
Cycles during Undershoot Recovery 1.5 6
Time (tr X .fs,trcmsient)
Inductor Current Overshoot(A) 1 8
No. of Aux. Components 0 3
Output Voltage for 4A to 15A Load Current Step
E 3.3 /______
" 325
4.99 ) 5.01 5.02 5.03 5.04
Time(s) x1073
=15 Load Current for 4A to 15A load Current Step
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= 5
& ;
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Time(s) x1073

Figure 3.42: Proposed Controller Performance in 4A to 15A Load Step for Compar-
ison with [4]

In this part, the goal is to investigate the load transient response of the buck
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Table 3.4: Comparison of the Proposed Controller with [5]

[5] w. [5] w.o
References Proposed Auxiliary |Auxiliary
Input Voltage vy, (V) 20 20 20
Output Voltage v, (V) 10 10 10
Switching Frequency
in Undershoot 100/100 | N/A N/A
Transient fs,transicnt (KHZ)
Switching Frequency at
Steady—State fs,steadystate (KHZ) 100 100 100
Inductor Size (pH) 46.85 46.85 46.85
Capacitor Size (uF) 300 300 300
Max. Load Current iy maz (A) 27 27 27
Load Current Step
Magnitude A7, (A) 21 21 21
Output Voltage
Undershoot v, (V) 2 3 3:5
Recovery Time ¢, ms 0.22 0.42 0.47
No. of Aux. Components 0 4 0
Output Voltage for 6A to 21A Load Current Step
—~ 10 — ———
>
<9 //
S 3 -
) 5.05 5.1 5.15 5.2 5.25
Time(s) x1073
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Figure 3.43: Proposed Controller Performance in 6A to 27A Load Step for Compar-
ison with [5]

converter. Therefore, it is assumed that ‘Z)yref(S) = 0 and only the effect of ]:2(5) on
V,(s) is investigated. Using this assumption, as well as rewriting (3.53) and (3.54)
in the Laplace domain, along with (3.56) yield:

\70 s Lv,*s?
J(s) = ~( ) _ oo — : (3.57)
R(s) LCR**s® + LR"s

+ (1 = vinky) R*?s — v ki R

The demonator of J(s) in (3.57) is the characteristic polynimial of a closed-loop
buck converter with PI controller. From control logic, it is evident that k;, k, < 0.
By using Routh-Hurwitz stability critetion for the denominator of J(s), the stability
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Figure 3.44: Proposed Controller and PI Controller Performances in 5.1A to 2.5A
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.. . . ko—1 .
criteion for the proposed controler is obtained as k; > ﬁ%, assuming R*,,;, <
m max

R* < R* 4. Next, root locus analysis is required to design k, and k; values.

Case Study: A buck converter with parameters similar to Simulation Scenario 1
is assumed. The proposed controller in this chapter and the traditional PI controller
are designed and applied to this system to compare their dynamic performances.
The results are shown in Fig. 3.44, according to which the output voltage overshoot
levels for the proposed controller and PI controller in a 5.1A to 2.5A load step are
45mV and 75mV, respectively. Also, the recovery times associated with the proposed
controller and PI controller for the same load step are 0.05ms and 2ms, respectively.
The PI controller is designed as k; = —6874 ,k, = —4 and the design is done based
on the system poles derived from (3.57). Fig. 3.44 verifies the advantages of the
proposed controller over PI controller, as a traditional and commonly-used control
method.

3.9.3 Comparison with Load-side Current Feedforward Con-
trollers

This subsection compares the performance of the proposed controller with methods
using load-side current feedforward. The proposed controller is applied to the buck
converter system with parameter values mentioned in [13]. These values include
Vin=1V, L = 1uH, C = 300uF, v, =1.3V, and f; =780KHz. The system perfor-
mance using the proposed controller for a 10A to 2.5A load step is shown in Fig.
3.45.

Fig. 3.45 shows that the output voltage overshoot level, recovery time, and
inductor current undershoot level for the proposed controller are 60mV, 17.5us, and
2.5A. According to the figures provided in [13], the associated values for the same
parameters in [13] are 100mV, 20us, and 5.5A [13]. Therefore, the comparison results
show that the proposed controller performance is better compared with [13].

To compare the proposed controller performance with [14], the proposed con-
troller is applied to a buck converter with an input voltage of 9V, an inductor of
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Figure 3.45: Proposed Controller Response to 10A to 2.5A Load Step for Comparison
with [13]

Output Voltage by Proposed Controller for 4.8A to 1.6A Load Current Step
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Figure 3.46: Proposed Controller Response to 4.8A to 1.6A Load Step for Compar-
ison with [14]

120uH, a capacitor of 440uF, a switching frequency of 16.4kHz, and an output volt-
age of 5V. The system response using the proposed controller for a load step from
4.8A to 1.6A is shown in Fig. 3.46. The recovery time and overshoot levels obtained
using the proposed controller are 0.26V and 0.2ms, which are lower than the values
of 0.6V and 0.46ms obtained in [14]. It is worth mentioning that better transient
response in comparison with [14] is obtained using a smaller-sized inductor (120uH),
compared with the inductor size of 320pH in [14].

3.9.4 Comparison with Time Optimal Controllers

This subsection compares the performance of the proposed controller with a sample
time optimal controller presented in [15]. The pcomparison is made, assuming a
buck converter with an input voltage of 12V, an output voltage of 3.3V, an inductor
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Figure 3.47: Controller Response for 1.7A to 7A load Step with the Same Capacitor
Size in [15]

of 10pH with an ESR of 2.2m(); a capacitor of 570uF with an ESR of 10m{2, and
a switching frequency of 200KHz. [15] discusses a time-optimal buck converter
controller based on a switching surface and capacitor current feedforward. Fig. 3.47
shows controller response for a 1.7A to 7TA load step, when the proposed controller
is applied to the buck converter with the same parameters (including same capacitor
sizes) as in [15]. As Fig. 3.47 shows, the output voltage undershoot level is 0.06V,
compared with 0.13V in 3.47. Also, the recovery time is 3 switching cycles, vs. the
5 switching cycle in 3.47.Therefore, the proposed controller has better performance
with similar capacitor size compared with 3.47.

Fig. 3.48 on next page shows the proposed controller response, if the capacitor
size used is half the capacitor size used in [15]. The recovery time and undershoot
levels is the same as in [15]. However, these results have been obtained with half of
the capacitor size used in [15].

3.9.5 Concept of Per-Unit Representation of Converters

This section proposes a per-unit representation of converters, which enables mak-
ing accurate comparisons among the performances of different systems. Using this
method, all of the converter parameters are converted to dimensionless scalars, which
makes the input and output voltages and switching frequencies of different sys-
tems identical. This enables more accurate comparisons among different system
performances. The per-unit representation of a buck converter operating in CCM
is provided, which can be similarly extended to DCM. Considering Fig. 3.5, the
CCM operating mode is assumed. A switching function s(t) can be defined as 1 for
0 <t < dTs and 0O for the rest of the cycle. Writing KVL in Fig. 3.5 results in:
LCZ—tL + v, = Vins(t). (3.58)
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Figure 3.48: Controller Response for 1.7A to 7A load Step with the Half of the
Capacitor Size in [15]

The next step is to select the base values for the voltages, currents, and time.
The base voltage is denoted by v,, and T is selected as the base time. The base
current is selected as ipgse = L= maz in which P, is the maximum load power. The
time ¢, the voltage v, and the current 1, can be represented in the per-unit system
by Vpu, tpu, and iy, respectively. The relationships between these values can be
expressed by v = VU, t = Titpy,, and @ = dpy,lpese. Using these definitions, (3.58)
can be rewritten as follows:

LPmax dzpu
( 07T, ) dt, + Vopu = VinpuS(1). (3.59)

By comparing (3.58) and (3.59), the per-unit inductance L, can be found as
Ly, = pez Following the same method for KCL in the output node of buck

vg2Ts
converter, the per-unit capacitance C, can be found as C,, = PCU"QT . It can be
shown that for both DCM and CCM modes, the per-unit representation is the same.

3.9.6 Comparison Table

Using a Figure-of-Merit (FOM), Table 3.1 presents a comparison among the pro-
posed controller and other existing methods. This FOM is defined as shown in the
last table row and the definition relies on the fact that for the same load step mag-
nitude and switching frequency, a better system performance is achieved when, (i)
the overshoot/undershoot levels and recovery times are minimized (ii) less amount
of total energy is stored in the converter. Table 3.1 presents comparison results
for this work and [2, 3, 4, 5]. The parameter values are represented in the per-
unit domain using the concept of per-unit representation of converters, introduced
in the previous section. According to Table 3.1, the proposed controller in which
no auxiliary component is used, has a higher FOM compared with the cases in
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Table 3.5: Comparison of the proposed controller and other controllers using per-
unit parameter values

References Proposed (DCM) | Proposed (CCM) [ [2] 3] [4] [5]
Input Voltage v, (p-u.) 1 1 1 1 1 1
Output Voltage v, (p.u.) 0.275 0.275 0.275] 041 0.22 | 0.5
Max. Switching Frequency f oz (p-u.) 1 1 1 1 1 1
Inductor Energy, and Size (p.u.) 0.2,0.03 0.92,0.14 29,4.4(11.5,4194,9.1163,31.6]
Capacitor Energy, and Size (p.u.) 9.7,256.7 1.94,51.3 0.2,5.8)2.3,28/0.2,9.7| 5.5,44
Total Stored Energy Eiy (p.u.) 9.9 2.86 293 14 | 939 68.8
Switching Frequency fs (p.u.) 1 1 1 1 1 1
Max. Load Current iy mq, (p-u.) 3.6 3.6 3.6 | 24 | 4.5 2
Load Current Step A, (p.u.) 24 2.4 32 | 22| 33 | 155
Overshoot Level v,, (p.u.) 0.01 0.025 0.08 [0.033(0.035] 0.275
Undershoot Level v, (p.u.) 0.01 0.016 0.03 | 0.02 [0.025] 0.175
Average Voltage Deviation Level vgey o0 (p-u.) 0.01 0.02 0.055]0.026| 0.03 | 0.225
Overshoot Recovery Time t, 4, (p.u.) 7 10 6.8 | 6.4 14 270
Undershoot Recovery Time ¢, (p.u.) 5 5 4.3 | 6.4 | 13.6 | 47
Average Recovery Time t, 4, (p.u.) 6 7.5 555 | 6.4 | 13.8 [ 158.5
No. of Aux. Components 0 0 0 0 0 0
FOM= — AL’, 3.47 5.6 0.36 | 0.93 [0.085{0.0006
tot fstravViev,av

which auxiliary components are disabled and only control systems are used. Also,
the proposed controller has a higher FOM than methods which use controllers and
auxiliary circuits simultaneously. Compared with these methods, the proposed con-
troller benefits from using no auxiliary circuits, which reduces the system’s cost and
complexity. Moreover, the comparison table shows that the proposed controller has
a higher FOM, when it is applied in CCM rather than DCM.

As a conclusion to this chapter, This chapter proposed a dynamic decoupling
controller to enhance converter responses in applications with large load steps, such
as data center applications. In a DC-DC converter, the load level affects the dy-
namics of the system and in large load steps, the system plant changes significantly,
degrading system dynamics. To tackle this problem and improve system dynamics
in load steps, the proposed controller reduces the impact of the load level on the
dynamics of a closed-loop DC-DC converter. This is achieved by selecting a control
law to make the differential equation of the closed-loop system almost independent
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from the load level.

Without using any auxiliary components, the proposed controller reduces the
system’s cost and complexity, while reducing the total energy storage components
in the system. The formulation of the controller is developed for Cuk and buck
converters for various operating modes. Simulations and experimental results show
that for a 2.4 p.u. load current step, the controller provides a 7-switching cycle
recovery time and a 0.01-0.02 p.u. overshoot/undershoot level. Also, comparisons
are made with other existing methods to show the effectiveness of the presented
controller.
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Chapter 4

New Decentralized Control Laws
for Modular ISOP and IPOS

DC-DC Converters with
Bi-Directional Power Flow
Capabilities

In previous chapters, the load-connected and intermediate power conversion stages
of a data center power management system were investigated and control methods
were proposed to tackle their associated challenges. This chapter focuses on stage
1 converters in data center power management systems. Stage 1 converters are
characterizied by high input voltages and large load currents and therefore, they
cannot be realized efficiently using a single converter. Alternatively, to process power
in stage 1, multiple converter modules are connected in series or parallel in their input
and output terminals. This way, each converter module only tansfers a fraction of
total power and can be implemented using smaller-sized passive compoentns and
lower switch ratings. Of course, modular DC-DC conversion systems introduce new
challenges and requirements, including equal power sharing among modules, stability
challenges, fast dynamics requirements, and fault-ride-thorugh capabilities.

This section proposes a new decentralized controller for ISOP/ITPOS DC-DC
converters in powr conversion stage 1 of a data center, which improves system
performance in terms of dynamical response, power sharing among modules, and
voltage/current regulation. The proposed method does not assume any system pa-
rameter values, does not need inter-modular communications, is applicable to all
converter topologies, and does not use complicated nonlinear calculations. Also, the
proposed control structure is simple and does not create trade offs between IVS and
OVR. It should be mentioned that the controller’s performance is not degraded by
parameter mismatches among modules and the controller does not increase system
cost, by avoiding additional hardware and measurement sensors. In this chapter,
the controller’s effectiveness is verified by simulation and experimental results and
the performance is also compared with other existing methods, to demonstrate the
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Figure 4.1: Modular DC-DC Conversion Stage i.e. Stage 1 Highlighted by Yellow
in Data Center Power Management System

advantages of the proposed controller.

4.1 Chapter Challenges, Literature Review, and
Contributions

4.1.1 Challenges

The architecture of the power management system of a data center is shown in Fig.
4.1, in which the modular DC-DC conversion stage i.e. stage 1 is highlighted by
yellow color. As this figure illustrates, stage 1 is responsible to convert a 220V input
DC voltage to a 12V output DC voltage. Therefore, the DC voltage gain of stage 1
converters need to be considerably large. At the same time, the total input voltage
level i.e. 220V is high compared with ooutput voltage level. Moreover, the output
12V DC link must transfer power to a large number of various loads and converters.
Therefore, the total transferred power and consequntly, electrical current flowing
through this 12V DC link is considerably high in a data center. In conclusion, stage
1 converters need to process high input voltages and high outout currents and this
requires implementation of the converter with large-sized passive components and
high-rating switches. In this regard, large-sized passive elements are required to
reach acceptable voltage and current ripples, and high-ratings switches are needed
to avoid converter damage as a result of overvoltages or overcurrents. Using large-
sized and high-rating components not only increases system cost, but also leads to
reductions in converter efficieny, power denity, and dynamical speed.
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The conventional approach to tackle these problems is by implmentation of stage
1 conversion system through multiple converter modules instead of a single module.
These converter modules are connected in series or parallel in their input and output
terminals and can handle high voltage and current levels efficiently. For example,
an Input-Series-Output-Parallel (ISOP) DC-DC conversion system is composed of
several identical converter modules, which are connected in series and parallel in
their input and output terminals, respectively [17, 70]. By connecting the modules in
series at their input terminals, the total voltage is divided between the converters and
each module need to handle lower voltage levels, enabiling converter implementation
with lower-rating components [17, 69, 70]. Similar to ISOP conversion systems,
Input-Series-Output-Series (ISOS), Input-Parallel-Output-Series (IPOS), and Input-
Parallel-Output-Parallel (IPOP) converters can also be defined [17, 70]. For example,
the ISOP configuration can handle high input voltage and high output current levels
in stage 1 converters of a data center.

Modular DC-DC converters can be controlled in either centralized or decentral-
ized method. In centralized control scheme, the information regarding voltages and
currents of all modules is recieved by a common processor, which is responsible for
processing this information and generating control inputs for all modules. These
control inputs are passed on to the modules, once generated by the central DSP. On
the other hand, in decentralized control technique, each module is controlled by a
separate DSP controller, which only relies on the voltage and current information
of its associated module to generate control inputs. The centralized controllers ben-
efit from optimized system dynamics as a result of having access to all the system
information. However, they require communications among modules and this cre-
ates delays and reduces system reliability. On the other hand, decetralized control
approaches benefit from increased reliability and removed delays. But they may
not provide the most optimum dynamics owing to have limited access to system
information.

The control challenges in stage 1 modular conversion system include sharing
transferred power equally among converter modules to maximize modularity [69,
72, 89, 90, 91], dynamical enhancements, and stability issues [89]. In this regard,
the transferred power must be equally shared among all modules such that high
voltage and current levels are equally divided among modules and the modulairy is
maximized [69, 72, 89, 90, 91]. This concept is also referred to as power sharing [69,
72, 89, 90, 91]. Moreover, the entire modular system should possess fast dynamics
in response to disturbances. Finally, conventional control methods applicable to a
single DC-DC converter might fail to provide a stable operation, when applied to
modular conversion systems [89]. Therefore, it is most important to ensure system
stability while designing controllers for modular DC-DC converters.

4.1.2 Literature Review

This section provides a literature review on controllers and their requirements in
modular DC-DC converters with fast dynamic loads. Today, modular DC-DC con-
verters are used in applications such as data centers, HVDC transmission systems,
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electric vehicles (EV), and traction applications [17, 69]. In this subsection, the focus
is on stage 1 converters in the power management system of a data center. Gen-
erally speaking, using several DC-DC converters instead of a single one to transfer
power from source to the load or vice-versa, reduces voltage and current stresses on
each converter. In such a case, if each converter is controlled separately, a modular
system with higher reliability will be obtained. Common system configurations in-
clude input-series-output-parallel (ISOP), input-parallel-output-series (IPOS), and
the input-series-ouput-series (ISOS) connection schemes [17, 70], where the parallel
and series connections reduce current and voltage stresses on each module, respec-
tively [17, 69, 70]. In a modular DC-DC converter system, the topology used for con-
verters may vary depending on the application. These topologies normally provide
galvanic isolation between the input and output. In this regard, Dual-Active-Bridge
(DAB) converters are widely used as the main building blocks of modular DC-DC
systems, due to their high power densities and bi-directional power-flow capabilities
(69, 71].

To utilize the full capacity of a modular DC-DC converter system, power sharing
is normally desired to have all modules transfer the same power levels at all in-
stants during transient or steady-state conditions [69, 72]. For ISOP configuration,
all modules share the same input currents and output voltages. Therefore, power
sharing for this configuration can be achieved by input voltage sharing (IVS), and
output current sharing (OCS). Also, depending on the control objective, either one
of output voltage regulation (OVR) or output current regulation (OCR) is normally
required.

To realize IVS and either OVR or OCR in modular DC-DC converter systems, dif-
ferent control methods have been proposed in the literature [17, 69]. A few methods
use well-known control approaches such as Model Predictive Controllers (MPC) and
Sliding Mode Controllers (SMC) [70, 71, 72]. MPC controllers improve system dy-
namics considerably and SMC controllers are robust against parameter mismatches
between modules. However, MPC controllers require knowledge of system parame-
ters to achieve a suitable performance, without which robustness issues may arise.
Also, SMC controllers may create large overshoots/undershoots in applications deal-
ing with high load currents. This is beacuse the sliding surfaces are usually defined
as a linear combination of voltage error signals and their time-integrals and SMC
controller keeps this sliding surface constant over time [72]. Therefore, the voltage
error signals become exponential and as exponential signals cannot have a zero level
at their beginning time instants, large overshoots or undershoots may sometimes be
observed. Peak Current Control method is used in [17] to improve the performances
of modular DC-DC converters. Such controllers are suitable for applications with
fast changing supply voltages [17]. However, applying peak current controllers to
applications with fixed switching frequencies may cause stability issues [73]. In fact,
using peak-current controllers can lead to instabilities due to sub-harmonics, chaos,
bifurcations, and duty cycle saturation phenomena [74, 73, 75].

Other methods in the literature use linear controllers and master/slave or cross-
duty cycle structures [6, 76, 77]. These controllers mitigate isolation issues in de-
signing sensors, and enhance dynamic responses of the system and they have simple
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control structures [6, 76, 77]. However, they require communications between dif-
ferent modules, reducing the system reliability. Other controllers rely on solving
non-linear control equations to find the required duty cycle, where the non-linear
equations include the non-linear voltage/current gain equations [69, 71, 78]. These
controllers enhace the dynamic responses of the system considerably and provide
fast transient responses with low overshoots/undershoots. However, they need to
estimate system parameters to provide accurate power sharing between modules,
which might make system operation and controller structure complex.

Droop/Inverse Droop controllers and gradient-based control methods are also
used to improve the performances of modular DC-DC converters [7, 16, 79]. These
controllers have simple structures and they improve the dynamic characteristics of
the system. However, as they build a linear relationship between DC link voltage
errors and output voltage errors, they create trade-offs between input voltage shar-
ing and output voltage regulation. Applying common duty-ratios to all modules
is another control approach for modular converters [80, 81, 82]. Although these
methods provide simple control structures, they cannot provide satisfactory power
sharing between modules at steady-state, in case the parameter mismatches between
modules are significant [69, 83, 84]. Instead of relying on control systems, some ap-
proaches propose topological modifications to modular DC-DC converters, to realize
power sharing and output voltage regulation [85, 86, 87, 88]. Some use voltage equal-
izing circuits in parallel with the DC link capacitors of different modules [85]. in
other approaches, switched-capacitor circuits and buck-boost balancing circuits are
connected [86] to the input sides of modules. Alternatively, it is also shown that
power sharing can be achieved by common mode coupled inductors [87], or flying
capacitors [88]. The topological modifications made above realize systematic power
sharing and increase the modularity of the system. However, they increase the
system complexity and cost.

4.1.3 Targets and Contributions

The objective of this chapter is to propose a new control framework for modular
ISOP and TPOS DC-DC conversions systems which can:

1. Achieve equal power sharing among all modules.

2. Provide fast converter dynamics.

3. Provide a stable operation.

4. Operate in both power flow directions i.e. source-to-load and load-to-source
directions.

5. Maintain a suitable performance in presence of parameter variations among
modules.

Contributions: This chapter proposes a new decentralized controller for ISOP
and TPOS DC-DC converters, which improves system performance in terms of dy-
namical response, power sharing among modules, and voltage/current regulation.
The proposed approach can be applied in data center stage 1 converters to enhance
system dynamics, power sharing, and transferred power regulation independently
and without trade-offs. Furthermore, the presented control system can facilitate
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bi-directional power flow between the source and loads. Also, the proposed con-
troller is decentralized and does not need any communications among modules.
Moreover, the proposed method does not use complicated nonlinear calculations
like the square root and it uses rather-simple nonlinear operators such as multi-
plication and division. This avoids extra processing calculation delays, during the
controller implementation process. The proposed control structure is simple and
unlike inverse-droop controllers, there is no trade off between IVS and OVR. It
should be mentioned that the controller performance is not degraded by parameter
mismatches among modules and the controller does not increase system cost, by
avoiding additional hardware and measurement sensors. Finally, the proposed con-
troller can be used for topologies such as DAB, flyback, and forward converters, in
ISOP or IPOS configurations. The controller effectiveness is verified by simulation
and experimental results and the performance is also compared with other existing
methods, to demonstrate the advantages of the proposed controller.

4.2 Chapter Main Control Concept

This section presents a new distributed control approach for modular ISOP and
IPOS DC-DC converters specifically when fast dynamic loads are considered. This
approach is extendable to IPOP/ISOS configurations, as well. For a single DC-DC
converter in a modular configuration and a specific power flow direction, a converter
duty cycle, denoted by d, can be defined such that the transferred power is increased,
when d increases. Fig. 4.2(a) shows a Modular ISOP DC-DC Converter System
containing N modules and Fig. 4.2(b) shows the general structure of the proposed
controller.

In Fig. 4.2, the following notations are used: Cj is the value of DC-link capacitors
for different modules, v¢j, 0 < 7 < N 41 is the voltage across the DC-link capacitor
of the j-th module, N is the number of modules, %;,;, 0 < 7 < N + 1 is the input
current of the j-th module, i,;, 0 < 7 < N + 1 is the output current of the j-th
module, C, is the output capacitor, i, is the load current, v;, is the input voltage,
and L, is the output-side inductor. Also, v, denotes the output voltage and dj
denotes the duty cycle associated with the k-th module. Moreover, ve e and i, ycr
denote the reference values for ve; and 1, respectively.

Fig. 4.2(b) shows the general controller structure. In this figure, f is a nonlinear
function of ve; and i, and one of the control objectives includes regulation of v¢;
and ¢,. In other words, it is desired to have ve; = Vo ref, % = tores, in steady-state
conditions. Therefore, at steady-state, f(vci,io) = f(Vcref,torer). Let us assume
that the amount of instantaneous power transferred by the k-th converter is denoted
by pr(t). As it was stated earlier, di is defined so that py(t) increases by increasing
di. The proposed controller in Fig. 4.2(b) is composed of two parts: the Nonlinear
function error or i.e. f(vei,io) — f(Voref, loref), an integrator which forces the error
generated by the first part to be equal to zero at steady-state. Let us denote the load
power by p,(t) and assume that the power is being transferred from the input side
to the battery. In this case, if for example p,(t) is greater than its reference value,
excessive power is being transferred to the load and to reduce this excessive power,
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Figure 4.2: (a) ISOP DC-DC Converter System (b) General Controller Structure

every module such as the k-th module needs to adjust its contribution by reducing
pi(t) through dj, reduction. To this end, the function f should be chosen such that the
controller properly adjusts di. To select the f function, first it should be determined
whether each of the controller variables including ve; and i,, has a proportional or
an inverse relationship with p;(¢), that is the transferred power by the i-th module.
For example, in the converter shown in Fig. 4.2(a), i, is proportional to p; and v¢;
is inversely proportional to p;. Next, f should be selected such that for example in
our discussed case, f(vci,i,) is reduced if there is excessive p,. This way, if there is
extra output power during a transient, the signal integrated to produce d; will have a
negative sign and d; will be decreased, resulting in the reduction of p;(t). It is worth
mentioning that for an accurate system performance, the f function must be selected
in a way that f(vei, i) = f(Vcrefstoref) gUATantees vo; = Vo ref,io = toref. Lhis
way, appropriate power sharing among the modules and voltage/current regulation
are achieved at the same time.

The integrator in the proposed control structure increases the system’s robust-
ness and ensures appropriate power sharing among the modules, even in the pres-
ence of considerable parameter mismatches among the modules. Also, the proposed
controller does not use the values of circuitry parameters, reducing the effect of pa-
rameter uncertainties. In the next chapters, it will be shown that the value of the
f function is proportional to ve;. This increases the sensitivity of the f function to
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the differences between the DC link voltages of different modules. Also, the inte-
grator provides a more robust control performance. So, the combined usage of the
f function and the integrator significantly reduces the maximum power mismatches
among the modules in the transient period and provides a better power sharing, in
the transient period. It is worth mentioning that the proposed controller is appli-
cable to all modular ISOP/IPOS/ISOS/IPOP DC-DC converters, regardless of the

topologies used for each module.

4.3 Formulation of the Proposed Controller

4.3.1 System Description

Fig. 4.3 shows a modular ISOP/TPOS DC-DC converter system composed of N
modules. The modular structure shown in Fig. 4.3 can be connected either to a
battery or a resistive load.

In Fig. 4.3, the following notations are used: Each module operates with two duty
cycles of di* and dy’ for charging and discharging modes, respectively, and has an
input capacitor of C};, input voltage of vy, input current of i;,;, and output current
of i,;, where 1<i<N. As the modules’ outputs are connected in parallel, there is
only one equivalent output capacitor C, with an output voltage of v,. This capacitor
is connected to an inductive filter of L,, which is in series with a battery. The duty
cycles applied to a module are defined such that in each power flow direction mode,
an increase in the associated duty cycle will increase the power transferred by the
module. It is worth mentioning that the structure shown in Fig. 4.3 acts as an ISOP
and TPOS structure, in the battery charging and discharging modes, respectively.
In the next subsection, the distributed control system is formulated so that all the
modules can collaboratively regulate the output voltage/current and maintain power
sharing without any inter-modular high bandwidth communication system.

4.3.2 Controller Formulation

This subsection presents the process of controller derivation for the case in which
a battery is connected to the output of ISOP DC-DC converters. In this case, the
objective is to keep the load (Battery) current level i, constant at its reference,
denoted by %,,.¢. In fact, the battery is being charged or discharged based on a
given reference current i,,.s, that is provided by the energy management system.
The energy management system provides the maximum safe reference values based
on charging curves to achieve fast charging while maximizing the life-time of the
Battery. When the battery is used as an energy storage unit for a microgrid, i, cf =
@. In this equation, P,., is the power required for the stable operation of the
gf(i)g and v,,, is the nominal voltage of the battery. To realize the power sharing
among modules, vc; must be regulated at vo,epr = ”ﬁ?, in which v, denotes the
reference value for the voltage across the DC-link capacitor of each module. Below,
the control law for battery charging and discharging modes is proposed under two
separate parts.
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Charging mode Control Law: When the battery is being charged and i,
becomes larger than ¢,,., this means that an excessive amount of power is being
transferred and thus, less amount of power should be transferred from the input side
by reducing d;’. However, when vej becomes larger than ve,.r, the input capacitor
of the j-th module must be discharged more, or equivalently, more amount of power
should be transferred from the input side to the battery, which can be done by
increasing d;’. Therefore in charging mode, d,’ is directly proportional to vej and
inversely proportional to i,. This means that d;’ is directly proportional to U%
Considering that in steady-state condition, 1% = %, the following decentralized

o,ref

control law is proposed for module j in the charging mode:

dy) = kl/ (Uzﬂ — —ic’ref> dt. (4.1)
o o,ref
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In (4.1), ve ey is set as follows:
VCref = kil /(7:0 - Z.o,ref> + kpl (7:0 - Z.o,ref>~ (42)

In fact, (4.2) includes an integrator to force i, to track i, ,.;. At the same time,
this formula obtains the accurate reference for input DC link capacitor voltages. As
the battery current level is negative in the battery discharging mode, the control
law in (4.1) is modified by inserting a constant number ¢ in the denominator of the
existing fractions. This is done to avoid the denominators to change sign or become
zero during load steps. The modified control law for charging mode is expressed as:

i Ve Ve re
dy? :kl/ _Ci ol ) gy, (4.3)
1, + C logref T C
Eq. (4.3) forces 75 to track its reference value due to the integrator. In this

part, the voltage across the input DC link capacitor of module i at steady-state is
denoted by V;. Moreover, the output current level at steady-state is denoted by 1.
If all modules implement the same controller, (4.3) yeilds:

Ver _ Voo _ _ Ven _ Ve ref ( 4 4)
In+c I,+c 7 Iy+c  dggeptc '
From (4.4) and Fig. 4.3(a), it can be seen that Vg = Voo = ... = Vo, Therefore,

appropriate power sharing is achieved among the modules. This is while KVL in the
input side of the circuit along with power sharing imply V¢; = Vo = 42 for modules
i and j. Also, The integrator in (2) sets I, = i,,es. Therefore, power sharing and
(4.4) result in Viy = Vioj = vorey = % This way, power sharing and output current
regulation are both achieved.

Discharging Mode Control Law: When the battery is discharged to be used
as an energy storage device, i, < 0,45,y < 0. Using the same approach provided
above for the battery charging mode, it can be seen that the required control law

for the battery discharging condition is as below:

dgj = k'Q/ (UCjio — vqrefz'o,ref) dt. (45)

Similar to the charging mode, v¢ s is obtained by applying the battery current
error to a PI controller. This causes ¢, to track i, ,.f, or equivalently I, = i, ,cr. Eq.
(4.5) includes an integrator, resulting in:

VCllo == VCQIO == ... = VCNIO == UC,refio,ref- (46)

From this equation, Vo1 = Voo = ... = Voy and power ssharing is achieved among
modules. Equation (4.6) and the fact that I, = i, ., result in Vo = ve e p at steady-

state condition. therefore, both power sharing and current regulation are achieved in
the discharging mode. The general block diagram of the proposed contoller is shown
in Fig. 4.3 and a more detailed version is shown in Fig. 4.4 It is worth mentioning
that Fig. 4.4 uses a Soft Transition Control, which will be introduced in the next
subsection.
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4.3.3 Soft Transition Control Concept

As it can be seen, (1) and (5) express the control laws associated with battery charg-
ing and discharging conditions, respectively. Therefore, in a transition between these
two modes, the controller architecture needs to be changed. This might cause unde-
sired overshoots/undershoots in the load current. To solve this issue, a soft transition
control is proposed where control integrators are switched from one control law to
another and initialized with the previous duty cycle. So, for example, in a transition
from charging to discharging modes, the control law in (5) should be used for the
discharging mode and right at the transition, the integrator in (5) will be initialized
from the previous duty cycle in the charging mode. Thus, no jump in the duty cycle
is generated. In the proposed soft transition control, ¢,,.; is compared with zero
to assess the power flow direction in the system. If i,,.; does not change sign, the
soft-transition blocks are not activated. Using the approaches discussed above, the
transitions from charging to discharging mode or vice-versa become seamless by a
smooth change in duty cycle, resulting in no overshoots/undershoots in the system
voltages and currents. This method enables the controller to maintain its stable
operation in a wide load range while supporting transitions from high positive load
currents to high negative load currents or vice-versa.

It is worth mentioning that for resistive load cases, the control law can be simpli-
fied to chaging mode control law according to (4.3), as the power is unidirectional
to the load and the control structure becomes simpler. In this case, the value of the
load resistance which is denoted by R, can be calculated by dividing the output volt-
age by the load current. After obtaing R, i,,.; can be obtained using i, e = v"’%,
in which v, ¢s is the reference value for the output voltage.
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4.4 Dynamical Characteristics Analysis of the Pro-
posed Controller

This section investigates the characteristices of the proposed controller. In partic-
ular, the dynamical profile of a closed-loop ISOP/IPOS DC-DC conversion system
with the presented control is explained. It should be mentioned that this chapter
compares the performance of the proposed controller only with the existing con-
trollers that do not use communications among modules. Fig. 4.5(a) shows the
schematic of an ISOP modular DC-DC conversion system comprising N modules.
This system interfaces an input voltage source to a resistive load. Fig. 4.5(b) shows
the block diagram of the proposed controller for this system. The control system
should regulate the output voltage v, at v, ef-

When the load resistance value in Fig. 4.5(a) changes from R; to R, in a load
step, the level of total power transferred to the load by the modules in steady-state

needs to change from v‘;{‘}{f to UE;%Q. This is because the controller must regulate
both input DC-link and output voltages at their reference values simultaneously
and if equal power sharing is lost as a result of a load step during the transient
period, both input DC link and output voltages require a longer amount of time

to reach their steady-state values due to sharing a portion of controller capacity
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with each other. The most important control objective during a load step transient
is to maintain equal power sharing among the modules, to avoid modular input
DC-link overvoltages and potential damages. Therefore, it is important to make
sure that for module i (0 < @ < N + 1), the recovery time and overshoot levels
associated with input DC link voltage of i-th module vg; are minimal. Once this
objective is achieved, the control system can allocate most of its capacity to regulate
the output voltage and will be able to reduce the output voltage recovery time and
overshoot /undershoot. In conclusion, the control system should apply larger changes
to i-th module duty cycle d; in response to ve; deviating ve .r, compared to a case
in which v, deviates v,,.s. Based on this conclusion, the proposed controller in
Fig. 4.5(b) is designed such that vg; is in the nominator of the fraction and v, is
in the denominator. Therefore, the entire fraction is more sensitive to changes of
ve; compared with changes of v,. The mathematical proof for this is given below.
Denoting v, = vy — Vg ref and vo; = Vei — Ve ey, as well writing the Taylor series for
the function g (vey, v,) = 2¢& around the point (ve;*, Uo™) = (Ve ref; Vores) UP to the

Vo+cC
2-nd order polynomial result in:

* * 6\0/1 UC,re 17;
g(vCth) :g<UC’i’Uo)+ - ! 2
Voref + € (Vo ref + ) (4.7)
2UC,ref{)V02 265/2170 .
(Vores +¢)° (Voyes + )
Also, according to Fig. 4.5(b) the control law is given by:
di = Kl/ ( s ) dt
Vo + C Voref T C (4.8)
= K1 [ (90 o) = 9(utss03))
According to (4.7) and (4.8), the time derivative of d; can be expressed as:
d(di) _ Kﬂjgi KIUC,ref{}:)
At Vopef +C  (Vgper + )2
! (ores 1) (4.9)

~9 —~ ~
2I(IUC’,ref’Uo 2[(l VeiUo

(Uomef + 0)3 (Uo,TEf + 6)2

Now, if 001 = g ef Ty = 0, (4.9) yileds 2 = F12Caer

Kiag (vh;,v)) = Pi.

dt Vo,reftcC o
. — ~ . d(d; Vo,re 20(2—(1 Vo,ref —QC
However, assuming vo1 = 0, U, = ¥,y results in (dt’) =K il ) ref ] X
(Uo,ref+c>
* * _ & _ Vo, ref :
9 (5, vy) = P If a1, then |F| = won - In controller design, the value of

c is designed such that it is comparable with v,,.s. This results in |P] < |7
In other words, the controller produces a stronger response when the input DC
link voltage deviates from its reference, compared to a condition in which the out-
put voltage deviates from its reference value. Also, from the above discussion and
mathematical equations, it can be observed that P, o« a and P, « «. In other
words, the proposed controller varies the duty cycle proportionally in response to
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power sharing mismatches and output voltage error. This increases the dynami-
cal speed of the system using the proposed controller. However, in other existing
controllers, this does not occur. For example, in the positive output voltage gra-
dient controller [16] which is shown in Fig. 4.6, v,,cr — k1ve1 — kv, is applied to
Gs (s) to generate the duty cycle. To illustrate the concepts better and to avoid un-
necessary complications, in this part it is assumed that G (s) is purely integrative
and is equal to Gy (s) = g The results remain valid for other types of controllers
such as PI controller, etc. Using this assumption, the time derivative of duty cycle

of one module is 44 — B(Vorer — k1ver — kavy,). If vo1 = aveyer and v, = 0,
d(dy)

dt

g = B (Vores — (@ + 1) Vg ref — k2vorer). In other words, unlike what observed
when the proposed controller was applied, the duty cycle?s time derivative is not
proportional with a. Therefore, the dynamical speed will be slower in the positive
output vltage gradient controller, compared with the proposed controller in this
chapter.

In conclusion, there are two reasons for fast dynamical response of the proposed
controller from the conceptual perspective. The first one is that the proposed con-
troller changes the duty cycle of a module in proportion to input DC-link voltage
errors and output voltage errors. Also, the controller produces larger responses for
power sharing mismatches in comparison to output voltage errors. This is done in
order to maintain equal power sharing among modules during transients and prevent
overvoltages and potential increases in recovery times in the first place. Therefore,
the controller can devote a larger portion of its capacity to output voltage regulation
right after the load step, by avoiding simultaneous modifications made to both input
DC-lonk voltages and output voltage. As a result, better dynamical responses with
reduced overshoot /undershoots and reduced recovery times are obtained.

4.5 Controller Analysis for Modular ISOP /TPOS
DAB Converters

In this section, the stability analysis for the proposed controller is provided for
modular IPOS/ISOP DAB Converters, and a simulation case-study is presented to
verify the accuracy of the stability analysis. It is assumed that each module is a
DAB converter and the stability analysis is conducted for the battery charging mode
only as the discharge mode is similar.
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Figure 4.7: Schematic of ISOP/IPOS DAB Converters

4.5.1 System Description

Fig. 4.7 shows an ISOP/IPOS DAB converter structure. This figure uses the same
notations as before and the following new notations for the j-th module: n;: primary
to secondary turns ratio, L;: tank inductance, and D;:the phase-shift ratio which is
related to the phase-shift angle (6;) between the two bridges by 6, = 7 D;.

4.5.2 Controller Analysis

To analyze the control system, first, gain relationships for the system shown in Fig.
4.7 are derived. In a DAB converter, the output current-to-input voltage gain can
be obtained [78, 114] as:

To T,

Vin - 2nL

D(1— D) = AD(1 — D). (4.10)

It should be stated that (4.10) is valid even during transient states [78, 115].
Based on (4.10) and Fig. 4.7, the relationships between output currents and input
voltages in different modules can be written as:

iol = /\1U01D1(1 — Dl), ---;ioN = )\NUC’NDN(]- — DN) (411)

Assuming ideal DAB modules, vejiin; = Uoloj, and the following equations can
be obtained using (4.10) and (4.11):
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iinl = /\1U0D1(1 — Dl), ---aiinN = /\N’UODN(l — DN) (412)

If KCL is written for the input side of modules in Fig. 4.7, the following equation
is obtained (i#j,0 <i,j < N +1):

)\i’UoDi<1 — Dl) -+ CZ% = )\onDj(l — D]) -+ C,Lvd% (413)

By KVL, it is known that ve, +vee+...+vony = Vip. Thus,d’(’j%—l—‘hc’l%jt...—i—%% =

dfﬁ = 0. Using this fact and by summing up all the sides of (4.13):
N
dvcy
> AiweDi(1 = D;) = NAy,Dy(1 — Dy) + NC——=. (4.14)
i=1

From (4.14), the following can be obtained (0 < 7 < N 4 1):

= : 4.1
dt NC; (4.15)
Using KCL for the load-side node of modular DAB converters leads to:
dv, .
M Dy (1= Di)ver + ... + AwDy(1 — Dy)ven = cod—l; +i,. (4.16)

Let us assume that the battery connected to ISOP DAB converters can be mod-
eled by a series branch composed of an ideal voltage source with voltage V}, and a
resistor with a resistance of R,. Using KVL in the converter output leads to:

di,
Vi + Ryip + Lodit = 1. (4.17)
From (4.3), the control law can be obtained as (0 < j < N + 1):
ab; _ (,”Cj __Yere > . (4.18)
dt lo+C  doyef+C

Equation (4.15), (4.16), (4.17), and (4.18) express the dynamical equations of the
system in state-space domain. In order to perform the stability analysis, this system
has to be linearized around its equilibrium points and the poles of the linearized
system must be found. For the sake of demonstration and to simplify the derivations,

let us assume there are two DAB converters connected by ISOP configuration. In
T

this way, the small-signal state vector is defined as x = [v&l, Uy, iy, D1, Dy| , and

% = Az is found by linearizing the system around its equilibrium point. It should

be mentioned that the values of D; and D, at the equilibrium point of the system
are denoted by D;* and D", respectively. Matrix A can be found as:

C AVo,ref(172D1%) Apug pep(1—2D2%)
2C; 2C;

0 0 0
i i
0 0 -1 Mvoref(1=2D1")  Agvgyep(1—2D2™)
% e c
1 il
A= 0 To o 0 0 (4.19)
K o —Kvoref 0 0
io,refte (o refte)?

-K —Kvgpey

Tores¥e O Tgregto? 0 0




System Poles

Poles Pair 2

i %x10° Poles Pair 1

v

5 T 0
A e 50

?\\\

jw
o

N
K=1
-0.5 -
K = 1p0
7
-1 = \ T \ T \ \

-2 -1.8 -1.6 -1.4 -1.2 -1 -0.8 -0.6 -0.4 -0.2 0
o x 10%

Figure 4.8: Root Locus Diagram for System Poles in Case-Study with 20A Load
Current and 50 < K < 100.

Load Current

40 4o Y 210 4
B i 205
5530 rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr ?/20()
S O
~
D R e Tt 195
IV T T — — - 190 : : ;
0.06 0.08 0.1 0.12 0.14 0.06 0.0 0.1 0.12 0.14
Time(s) Time(s)

Figure 4.9: System Response to a 20A-to-40A Load current Step in Case-Study

Case Study: Let us consider an ISOP two-module DAB converter system with
the following parameters: C;; = 20uF, C;y = 30uF, tank inductances of 9uH and
12pH for the first and second DAB modules, transformer turns rations of 3.4:1,
2.8:1 for the first and second modules, switching frequency of 100KHz, C, = 100uF,
Ui, = 400V, V}, = 56V, R, = 38mf2. In this system, ¢,,.¢ experiences a step change
from 20A to 40A. If matrix A is calculated and its eignevalues are plotted in a root-
locus diagram for 50 < K < 100, Fig. 4.8 will be obtained. The simulation result
of the system response to a 20A-to-40A load current step is illustrated in Fig. 4.9.

As Fig. 4.9 and (4.19) illustrate, there are 5 poles associated with the system.
These poles include two complex-conjugate pole pairs and a pole with zero imaginary
part. These are shown under pair 1, pair 2, and pair 3 in Fig. 4.8. As this figure
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shows, all of system poles are located on the left half of s-plane and therefore, the
system is stable. By comparing Fig. 4.9 with Fig. 4.8, the accuracy of (4.19) is
validated. It should be mentioned that Fig. 4.9 corresponds to K=100. Using Fig.
4.8, it can be observed that the system pole pairs 2 and 3 are much closer to the
jJw axis, compared with pole pair 1. Thus, pole pairs 2 and 3 are the dominant
poles of the system, which describe the system behavior. As Fig. 4.9 illustrates, the
time constant of the exponential waveform associated with load current transient
is consistent with the real pole shown in Fig. 4.8 under pole pair 2. As it can be
observed, for K=100, this pole is predicted as -370/s, which is correspondent to
a time constant of 0.0027s. From Fig. 4.9, this time constant is 0.0024s. As it
can be observed, these values are reasonably close to each other, noting that the
analysis was conducted based on small signal assumptions and the change from 20A
to 40A is large signal variations. Moreover, the frequency of the damping oscillations
observed in the voltage waveform of DC-link capacitors are calculated as 181.8 Hz,
using Fig. 4.9. This frequency is associated with the imaginary part of the system
pole pair 2 in Fig. 4.8. Using Fig. 4.8, the frequency of the oscillations is predicted
to be % =193.3Hz, which is again in agreement with the 181.8 Hz obtained from
simulation results. The reason why the oscillations in Fig. 4.9 are damped slowly is
that ISOP DAB converters are connected to a battery and unlike resistive loads, a
battery does not have any significant damping resistors. But as a battery is going to
be charged for minutes and the overshoots/undershots for DC-link capacitor voltages
are less than 5 percent, these slow damping waveforms do not make a negative impact
on the system’s performance. In the next section, simulation results are provided to
verify the effectiveness of the proposed controller.

4.6 Proposed Controller Design procedure

This section discusses and derives control parameters design procedure for the pro-
posed controller in both power flow directions. As observed from previous sections,
k1, kp1, and k;; for battey charging mode, as well as kg, k2, and k;s for the discharging
mode, are control parameters that need to be designed. To design these parameters,
the open loop tranfer function of the system is derived using the linearized model of
the system around its operating point in Laplace domain. After that, the controller
parameters are designed to achieve a target bandwidth and phase margin. This sec-
tion also analyzes the effect of each controller parameter on bandwidth and phase
margin.

4.6.1 Derivation of Open Loop Transfer Function

To begin with, the equations found in the previous section must be linearized around
the system operating point. In this regard, the notations of ve;, = ve* + vy,
1, = %, + z';, loref = 1oref + Zomef, and D; = D* + ljj are used. The parameters
with * and ~signs represent the operating point values and small signal variations,
respectively. Linearization of (4.17) around the system operating point and rewriting
the linearized equation in Laplace domain yiled:
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V, = (Rb + LOS)]O (420)

in which, V, and [, represent the output voltage and output current in Laplace
domain, respectively. In this section, the equilibrium point value of ve; (0 < j <
n+ 1) is denoted by v*¢,ef. Lineaizing (4.16) around the equilibrium point of the
system, along with (4.20) and rewiritng the equations in Laplace domain lead to:

N
X0 pep(1—2D%) Y ND;+ AD*(1— D*) Y Ve
=1 =1

= (L,Cys® + RyCos + 1)1,

(4.21)

According to Fig.4.7, Zfil Uoi = Ui Therefore, Zfil Ve = 0 in Laplace domain.
Hence, (4.21) can be rewritten as:

M ep(1—2D%) Y ND; = (LoCos” + RyCos + 1)1, (4.22)
=1

Similarly, by linearizing (4.15) around the equilibrium point, VE;]- in Laplace do-
main is obtained as:
Aog*(1 — 2D7) [(1 ~N)D+ YN ﬁi]

V;Yj - NC;s

(4.23)

In battery charging mode, the control law for module j duty cycle is expressed as
D, =k [ (vcj - #> dt in which, vees = ko (io — iores) + kit [ (io — iopes)dt.

io+cC io,reftc
By linearizing the control law around the operating point and rewiritng it in the
Laplace domain, the small signal version of the control law in Laplace domain can
be expressed as:

[—mv*amf + k(%5 + ¢))s
15]- _ kl‘fc]' — k1ki (i + ) 3
(i*o +¢)s (i*o + c)?s? (4.24)
—k1 (v cpef + kp1 (175 4 ¢))s
— k1kin (5 + ) s

— I
(i*p + ¢)?s? oref

in which, Jj(O) denotes the initial value of small signal variations in duty cycle

applied to module j at ¢ = 0. Denoting Hi(s) = (lfN)’\J(VICfD*)”"* and Hy(s) =
A(1—2D%)vo* '
NC;s

, (4.23) can be rewritten as:

N
Voj = HiD;+ Hy, Y D (4.25)
i=1,i%j

A* ¢ ref(1—2D%)

Denoting Hj(s) = T O Coer T

(4.22) can be rewritten to obtain:
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Figure 4.10: Schematic of Linearized Control and Circuitry Loops for Proposed
Controller in an ISOP/IPOS DAB Converter System

N
I, = Hi Z D;. (4.26)
=1

—k1(v*c rett+kpl(iorertc))s—kikii(io.rertc
Finally, denoting Hy(s) = —2— and Hj(s) = [h1 e curert pl(z( ’ff_:;)l; thitGores +0)

- (io,ref‘i‘c)s
in (4.24) yields:

D~] = H4‘/2'_] + H5I~o - HE)fO,Tef' (427)

The schematic of linearized system circuitry and control loops is provided in Fig.
4.10. Writing (4.25) for all modules in matrix form yileds:

H, H, --- H, -

e (4.28)

Dy

Ven H, Hy --- H

Similarly, (4.26) and (4.27) can be written for all modules in matrix form to
obtain:

D,
I,=[H; Hy - H;]| : (4.29)
Dy
and,
~ H, 0 0 =~
D, 04 H, 0 Ver Hs i
= . + I,
N 0 0 . H4 CN 5 (430)
_H5
+ jo,ref'
—Hs



Let us denote D, = H5(]~O — fo,ref) in the Laplace domain, as shown in Fig. 4.10.
Equations (4.28), (4.29), and (4.30) can be used to obtain:

1-HiHy —HyHy - —HyHi] 5 5
—HoH, 1—H{Hy -+ —H>H, 1 ¢
. . , . =1, (4.31)

CHyH, —HyH, - 1—HyHy| PN De

Equation (4.31) shows N linear equations in matrix form. By summing up all
these equations with together, sz\il D; is obtained as:

N ~
ND,
4.32
E NVHyH, + 1 — i) (4:32)

Using the mathematical expressions of H;(s) and Hy(s), it can be understood that
Hy(s) = (1 — N)Hy(s). Substututing this result into (4.32) yields Y~ | D; = ND,.
Therefore, by considering Fig. 4.10, the open loop transfer function of output current
regulation loop Tj,(s) is given by:

[kl (U*C,Tef + kpl (Zloﬂdef + C))S + klkil (io,ref + C)]
XN crer(1 —2D"
T, (s) = 2N oo = 207) (1.33)
(ioref + ) 82(LoCos? + Rycos + 1)

- —NH3H5.

From (4.33), the following results can be obtained regarding the effects of control
parameters on phase margin and bandwidth.

Result 1: An increase in the value of ky, k;; and ky; increases |T;,(jw)|. There-
fore, the system bandwidth is increased by increasing ki, k;1, or kp;. As the magni-
tude of the open loop transfer function is proportional with kq, the value of k; has the
most significant impact on bandwidth among the three existing control parameters.

Result 2: From (4.33), it is observed that increasing k,; and k;; lead to decreases
and increases in the phase of the open loop transfer function, respectively. Moreover,
kq value does not affect the transfer function phase. Therefore, it can be concluded
that increasing k,; reduces phase margin. On the ohter hand, increasing k;; leads
to increase of the phase margin. Finally, the phase margin is not affected by k;.

From Fig. 4.10 and (4.33), the closed loop tansfer function of the system can be
given by % The denominator of the closed loop transfer function is denoted
by F(s) and is equivalent to the characteristic polynomial of the system in charging
mode. This characeristic polynomial can be expressed as:

F(8) = (ioyef + €)*(LoCos® + RyCos® + 52) + NX* ey

4.34
X(1= 2DV (0" ey + kyt(ipes + N)s + irlingeg +0) .

The closed-loop system poles can be calculated by solving F'(s) = 0. Case Study
2 verifies the validity of (4.33).
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Case Study 2: A system composed of two dual active bridge converters con-
nected in ISOP is assumed in this case study. The ISOP system connects a 200V
input voltage source to a 25V output DC source. The tank inductances of DAB
modules are 16.7uH and 154H. Also, the input DC link capacitances of the modules
are 11.4pF and 13uF, and the output DC link capacitances are 70uF. Moreover,
the turns ratios of the transformers are 20:6 and 20:7 for the two modules. The
switching frequency of both modules is T0KHz and R, =38mf). The magnitude
and phase associated with the open loop transfer function of the system obtained
by theoretical analysis and computer simulations are shown in Fig. 4.11. The con-
trol parameters are designed as k; = 150, k;; = 11000, and £,;=0.3. As Fig. 4.11
shows, the achieved phase margin value and -3dB bandwidth level are 82.6 degree
and 48500“;—d i.e. 7.72KHz, respectively. As Fig. 4.11 illustrates, the bode plots
obtained by simulation results and (4.33) are matched. This verifies the accuracy of
(4.33).

Using a method similar to the approach taken for battery charging mode, the
open loop transfer function of the system in charging mode is derived as:

[_kQ(U*C’,ref - kaio,ref)s + k;ZkiZio,ref]
XN/\U*CJef(l — 2D*>

Eo =
als) $2(L,Cys? + Rpcos + 1)

(4.35)

The characteristic polynomial of the system in battery discharging mode Fy(s) is
given by:
Fy(s) = LyCyos* + RyCos® + 8° — NA* ¢ pef(1 — 2D )y

1 4.36
X [(U*C,Tef - kaZo,'ref)S - ( )

kiQio,ref] .

As (4.36) shows, the mathematical expression of Fy(s) is very similar to F(s),
and —ky, —Kp, —kip have duality with £y, k,, and k;;, respectively. Therefore,
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substituting control parameters in charging modes by their dual counterparts in
discharging mode, Result 1 and Result 2 can be extended to discharging mode as
well.

4.6.2 Controller Design Procedure in Charging and Dis-
charging Modes

Assuming i, min < loref < %omar i battery charging mode and v, min < Vin <
Vinomaz, (4.33) suggests that the closed-loop system has its minimum bandwidth
when iy ef = Gomazs Vin = Vin,min- Lhis is because (4.33) suggest that |T;,(jw)| has
its minimum value in this operating point among all possible conditions. Therefore,
the system is designed at %o ref = %omaz; Vin = Vin,min, t0 ensure fast system dynamics
in this case and equivalently, in other cases. At this design operating point, v*¢ ey =
vm% To design the controller in charging mode, the first step is to select an
appropriate value for K. For this purpose, k;; = k,1 = 0 is assumed and a crossover
frequency w,; is selected. Using (4.33) and the assumptions mentioned, the value
of ky is designed as k1 = k*; to achieve a crossover frequency of w.. The value of
wey is selected such that the acheived -3dB bandwidth level of the system is below
half of the switching frequency to satisfy nyquist staility criterion. In the next step,
kp1 = 0 is assumed and a target phase margin corresponding to we; is set for the
system. Using these assumtions, as well as k; = k*; and (4.33), the value of k;; is
designed as k;; = k*;; to achieve the target phase margin. In the third step, a small
value of ky; = k*,; is selected such that k*pi(irer + ¢) << v*cyer and the phase
margin of the system is not reduced considerably. The final step is to redesign k; =
k*1 ; to achieve the previously obtained phase margin of wey. The controller design
procedure discussed above for battery charging mode can be exactly extended to the
discharging mode, with designing converter in i, ,ef = %o mazs tomaz < 05 Vin = Vinmin
and substituitng ky;, ki1, and k; by —kpa, —kie, and —ks, respectively. This is due to
the similarities between (4.33) and (4.35). The flowchart of the proposed controller
design procedure in charging mode is provided in Fig. 4.12. The design flowchart
for the discharging mode is the same as the flowchart shown in Fig. 4.12, if the
differences mentioned ar taken into account.

Case Study 3: For this case tudy, the same system as in Case Study 2 is assumed
and the controller design procedure shown in Fig. 4.12 is implemented. Assuming
to.min =LA, 1o maz =10A, Vip min =180V, and iy mee =220V and N = 2, the target
phase margin and crossover frequency are selected as ¢; = 60° and w., = 50000%1,

respectively. In the next step, io,cf = tomar =10A, and v*¢er = v”% =90V are

. 2 212 2 2 2
o s (oref40 2wV (1= LoCowe12) + Rp2Co2war®
k’tl _O’ kl - k 1 — N)"U*C,Tef2(1_2D*) —7065

results in a crossover frequency of 50kHz. The phase of T;,(jw) at w, = we is
% %. Based on this result, a value of
K*;1 =95420 is required to obtain a phase margin of 60 degrees. Finally, the value
of k, must be selected such that k,; <<5. Therefore, a value of k, =0.3 is selected.
Fianlly, ky = k*1 y = 510 is set to restore the target crossover frequency. Therefore,

the final design is k; = 510, k1 = 0.3, and k;; = 95420.

set. Setting k,1 =

equal to arctan — m — arctan
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Set Converter Specifications and Design Targets

Lo,min < lo,ref < Yo,maz s Vinymin < Vin < VYin,max

Targets: P.M.=¢; and w, = w1

- . * _ Vin,min _
Set toref = to,maxsV C,ref — ~N o Vin = Vin,min

/
Using (D1) and Assuming ki1 = 0,kp1 = 0; k1 = k™4
Designed to Achieve w, = w1

[kl (U*C'.ref + kpl(io.ref + C))S + klkil(io,ref + C)]
XN/\‘U*C‘,‘ef(l — QD*)
JTio(S) = ; 2 o 2 (Dl)
(torer +¢)°52(LoCos? + Rycos + 1)

!

Using (D1) and Assuming ki = k*1, kp1 = 0; ki1 = k%3
Designed to Achieve P.M.=¢;

Y
Set Small Value for k,; such that

kpl (io,ref + C) << U*C’,ref

!

Redesign ki = k™1 ¢ to Restore We = Wel

Figure 4.12: Flowchart of Proposed Control Design Procedure in Battery Charging
Mode

4.7 Simulation Results with DAB, Flyback, and
Full Bridge Converter Modules

In this section, simulation results are provided to verify the effectiveness of the
controller proposed in this chapter. The simulation results are provided through
simulation scenarios.

Scenario 1: In this simulation scenario, a system composed of two dual active
bridge converters connected in ISOP is assumed. The ISOP system connects a 200V
input voltage source to a 25V output DC source. The tank inductances of DAB
modules are 16.7uH and 15¢H. Also, the input DC link capacitances of the modules
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Figure 4.13: System Responses to 4A-to-8A Reference Output Current Step in Sim-
ulation Scenario 1 at t=0.1s

are 11.4uF and 13uF, and the output DC link capacitances are 70uF. Moreover, the
turns ratios of the transformers are 20:6 and 20:7 for the two modules. The switching
frequency of both modules is T0KHz. Fig. 4.13 shows the system transient response
for a 4A-to-8A reference load current step. As this figure shows, the input DC-link
capacitor voltages for both modules are equal to 100V in steady-state and this verifies
the accurate power sharing performance of the proposed controller. Moreover, the
maximum deviation of input DC link voltages from 100V is below 1V during the
transient period, which can be therefore neglected. Finally, Fig. 4.13 shows that
the output current has accurately tracked its reference value and the output current
recovery time is 6ms.

From Fig. 4.13, it can be observed that despite parameter mismatches between
the two modules in terms of transformer turns rations, DC-link capacitances, and
tank inductances, accurate power sharing between is achieved between modules.

Scenario 2:In this scenario, the same system as in the previous simulation sce-
nario is assumed and the reference output current experiences a step from -4A to
4A at t=82ms. Fig. 4.14 shows the system response to this step change. As this
figure illustrates, the recovery time for the output current is 3ms and the maxi-
mum deviation of input DC link capacitor voltages from their 100V steady state
level is just 1V. Therefore, the input DC link voltage transients can be neglected.
As Fig.4.14 shows, the controller has been able to provide accurate power sharing
between modules in both transient and steady-state conditions.

Scenario 3: This simulation scenario aims to investigate the performance of the
proposed controller when a high number of modules are used. For this purpose, a
system comprising 10 forward converters connected in ISOP is assumed. The total
input voltage is 900V and the reference output voltage is 15V. The load resistance
value varies from 0.25¢2 to 0.167€) at t=35ms. The switching frequency is 100KHz.
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Figure 4.14: System Responses to -4A to 4A Reference Output Current Step in
Simulation Scenario 2 at t=0.082s

Numbering forward converter modules 1-10, the input DC link capacitors of modules
are 20uF, 25k, 15uF, 18uF, 20uF, 22uF, 23uF, 19k, 20uF, and 16 uF, respectively.
The transformer turns ratios of these modules include 1:0.75, 1:0.75, 1:0.75, 1:0.7,
1:0.72, 1:0.65, 1:0.7, 1:0.65, 1:0.69, and 1:0.68, respectively. Finally, the module
inudctor sizes include 56pH, 52uH, 52uH, 56pH, 56pH, 54pH, 59uH, 57uH, 58uH,
and b3uH, respectively. For a load resistance step from 0.25¢2 to 0.167€2 at t=35ms,
the system response is provided in Fig. 4.15. According to this figure, the maximum
deviation of input DC link voltage of modules from its reference value i.e. 90V, is
0.22V. Also, as it can be seen in this figure, accurate power sharing is achieved at
steady-state. Moreover, the output voltage undershoot is 0.75V and the recovery
time is approximately equal to 10 switching cycles. Therefore, a suitable controller
performance is achieved using a high number of modules.

Scenario 4: In this simulation scenario, the proposed controller is applied to
a system comprising three ISOP flyback converters, which interfaces a 300V input
voltage to a resistive load. The input DC link capacitances for the modules are
50pF, 60uF, and 45uF. Also, the magnetization inductances of transformers for all
modules is 70pH and the transformers turns rations are 3:1, 3.2:1, and 3.4:1. The
output DC link capacitance for each module is also 80uF. The reference output
voltage is 10V and the switching frequency is 200KHz. If the system experiences a
resistive load step resulting in the load current change from 7A to 10A, the input DC
link voltage waveforms for different modules and the output current waveform will
be as shown in Fig. 4.16. As tis figure shows, the controller has been able to provide
accurate power sharing among the modules and the output current has also tracked
its reference signal accurately. According to Fig. 4.16, the overshoot/undershoot
level experienced by input DC link capacitor voltages is 0.2 percent, which can be
neglected. Also, this figure verifies a fast dynamical response for the output current.
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Figure 4.15: System Responses to 60A to 90A Load Current Step in Simulation
Scenario 3 at t=0.35s to Verify Controller Performance in a Modular System with
10 Modules, Parameter Mismatches between Modules: Input DC Link Cap. 15uF-
25uF, Transformers Turns Ratio 1:0.75-1:0.68, Module Inductors:52 u-59u

Scenario 5: In this scenario, two DC-DC converters with a full bridge-based
topology [7] are connected in ISOP. This topology is shown in Fig. 4.17. The system
has a total input voltage of 320V, input DC link capacitors of 20uF, transformer
turns ratios of 0.9:1 and 1.1:1, filter inductances of 300uH, filter capacitances of
1100pF, and a switching frequnecy of 50KHz [7]. This system delivers power to a
resistive load and the reference output voltage is 50V [7]. The system response to
a bA-to-10A load current step is provided in Fig. 4.18. This figure verifies accurate
power sharing, fast dynamical response, and accurate load current regulation for the
proposed controller.
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Figure 4.16: System Responses to 7A to 10A Load Current Step in Simulation
Scenario 4 with 3 ISOP Flyback Converters
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Figure 4.17: Full-bridge Based Converter Topology for A Single Module in Scenario
5 7]

4.8 Comparison Results with Forward Converter
Modules

To evaluate the performance of the proposed controller, a comparison is conducted
between the proposed controller and the controller proposed in [6], which uses three
forward converters in ISOP configuration connected to a resistive load with system
parameters in Table 4.1. The same system is simulated for conducting accurate
comparisons in this section. In this system, the load current is changed from 15A
to 30A and the dynamics of DC-link capacitor voltages and the output voltage of
the converter are compared for both controllers. It is worth mentioning that in
this system, resistive loads are assumed. The system parameters for this system
are shown in Table 4.1. The waveforms associated with the system response are
observable in Fig. 4.19. All waveforms in this figure correspond to the controller
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Figure 4.18: System Responses to 5A to 10A Load Current Step in Simulation
Scenario 5 with 2 ISOP Full-bridge Based Converters in Fig. 4.17 [7]

Table 4.1: Comparison of the proposed method and [6]

| Proposed | 6]
Input Voltage vi, (V) 270 270
Output Voltage v, (V) 15 15
Switching Frequency fs (KHz) 100 100
Inductor L (uH) 56 56
Input Capacitor C; (uF) 20 20
Maximum Load Current i maz (A) 30 30
Load Current Step Al, (A) 15 15
Output Capacitor C,(uF') 200 200
Transfomer Turns Ratios ﬁ, ﬁ, 0—165 0—175, ﬁ, %
Output Voltage Over/Under-shoot
0.58 1
Vdev,out (V)
Outpu‘t Voltage Recovery 0.3 0.2
Time ¢, oys (mS)
Input Cap. Voltage 0.17 1
Over/Under-shoot vgey,in (V) '
Input Voltage Recovery 02 9
Time t, ;, (ms) ’
Power Mismatch P, (percent) 0.39 1.5
FOM= Vdev,out Xtr,out XVdev,in Xtr,in 0.002 0.6

proposed in this chapter.
To quantitatively compare the proposed controller and [6], a Figure of Merit
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Figure 4.19: System Response to a 15A to 30A Load Current Step Using Proposed
Controller and [6]

(FOM) is used. This FOM is defined in Table 4.1 and based on the fact that
a better controller performance includes lower voltage overshoots/undershoots in
output voltage and DC-link voltage, as well as lower recovery times for these voltages
in load transients. As it can be observed, the lower the FOM, the better controller
performance is achieved. According to this table, the proposed controller provides
a better performance for the same system, compared with [6]. Fig. 4.19 shows
that the proposed controller has managed to provide an appropriate power sharing
among the modules, as well as providing suitable dynamics for DC-link voltages and
output voltage.

The bandwidth and phase margin levels associated with power sharing and out-
put voltage/current regulation control loops directly affect recovery times and over-
shoot /undershoot levels during transient periods. A higher bandwidth level results
in reduced transient state recovery times, while a reduced phase margin limits the
maximum bandwidth level with stable system operation [116]. A limited system
bandwidth due to reduced phase margin in turn results in slower disturbance rejec-
tions by the controller, which is equivalent to higher overshoot levels [116]. There-
fore, the proposed controller parameters are readjusted to obtain an output voltage
recovery time of 0.2ms, which is identical to [85] and suggests a similar output
voltage regulation bandwidth. The performance of the proposed controller is again
compared with [85] in Table 4.2. As Table 4.2 illustrates, the output voltage under-
shoot level is 0.4V using the proposed controller. Also, the maximum input DC-link
voltage is 0.32V and the power sharing recovery time is 0.1ms. According to Table
4.2, these values which are obtained with output voltage regulation recovery times
identical to [85], are smaller than the values for the same parameters reported in
[85]. The system response using the proposed controller in this case is provided in
Fig. 4.20.
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Table 4.2: Comparison of the proposed method and [6] with Identical Output Voltage

Regulation Recovery Times

| Proposed | 6]
Input Voltage vi, (V) 270 270
Output Voltage v, (V) 15 15
Switching Frequency f; (KHz) 100 100
Inductor L (uH) 56 56
Input Capacitor C; (uF) 20 20
Maximum Load Current i maz (A) 30 30
Load Current Step Al, (A) 15 15
Output Capacitor C,(uF') 200 200
: T T T 1 T T
Transfomer Turns Ratios 055> 075 DeEInTE ) 058 ) O6E
Output Voltage Over/Under-shoot
0.4 1
Vdev,out (V)
Outpuju Voltage Recovery 0.2 0.2
Time ¢, oys (mS)
Input Cap. Voltage 0.32 1
Over/Under-shoot vgey,in (V) '
Input Voltage Recovery
. 0.1 2
Time t, ;p (ms)
Power Mismatch P, (percent) 0.39 1.5
FOM= vgev,out Xtr.out X Vdew,in Xtr,in 0.0025 0.6
15.5 Output Voltage Transient in 15A-to-30A Load Step
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Figure 4.20: System Response to a 15A to 30A Load Current Step Using Proposed
Controller and [6] with Identical Output Voltage Recovery Times
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Figure 4.21: Controller Response in Steady State and 4A Reference Output Current.
From Top to Bottom: Tank Inductance Currents, Input DC Link Voltages vo; and
Vo, Ave = vo1 — veo,Individual Module Output Currents .1 , 292, Aly = to1 — To2,
and Total Output Current i, = 7,1 + 72

4.9 Experimental Results with DAB Converter
Modules

A system composed of two dual active bridge converters connected in ISOP was
built in the laboratory to validate the control approach. The ISOP system connects
a 200V input voltage source to a 25V output DC source. The tank inductances
of DAB modules are 16.7uH and 15uH. Also, the input DC link capacitances of
the modules are 11.4uF and 13uF, and the output DC link capacitances are 70uF.
Moreover, the turns ratios of the transformers are 20:6 and 20:7 for the two modules.
The switching frequency of both modules is 70KHz.

Each module has one TT TMS320F28335 DSP processor and one separate DSP
to implement the controller without any other communication link.

Fig. 4.21 shows the system response when the proposed controller in this chapter
is applied to the system and the reference output current i, ,.s is 4A. From top to
the bottom, this figure shows the tank inductance currents of the 2 modules, input
DC link voltages vey and vee, Ave = vop — Veg, Individual module output currents
1o1 and i,0, Ai, = 1,1 — lo2, and finally total output current i, = i, + i,. As the
total input voltage is 200V and the difference between the steady state values of
vo1 and veg is 1.87V, the power sharing mismatch between the modules is just 0.93
percent of the total transferred power. This power sharing is achieved considering
10 percent, 14 percent, and 16 percent mismatches in tank inductances, input DC
link capacitances, and transformers’ turns ratios between the two modules. Also,
the proposed controller regulates both output currents in 2A and the total output
current in 4A, as shown by Fig. 4.21.
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Figure 4.22: Controller Response in 4A to 8A Output Current Reference Step. From
Top to Bottom: Input DC Link Voltages vey and Vo, Ave = ve1 — vee, and Total
Output Current i, = 1,1 + T2

The controller response is shown in Fig. 4.22, for a reference output current
change from 4A to 8A. As this figure illustrates, both input DC link voltages are 100V
at steady state and the difference between the input DC link voltages changes by a
maximum of 2.8V in transients, compared with steady state condition. Moreover,
the output current successfully reaches 8A within 800 us.

Fig. 4.23 shows the closed-loop system response to an output current reference
step from -4A to -7TA. As this figure shows, the output current has successfully
tracked its reference signal within 600us.

Fig. 4.24 shows the system response to a -8A to -5A reference output current
step. As this figure illustrates, the output current tracks its reference value after 800
ps. Finally, Fig. 4.25 shows the transient response of the system, when the output
reference current is changed from -4A to 4A. As this figure shows, the soft transition
control concept has successfully been able to provide the capability of transitions
between different power flow directions.

As Fig.4.25 shows, the maximum difference between the DC link capacitor volt-
ages at the input side is 9.6V in a -4A to 4A output current transient. This is
equivalent to a power mismach of 4.8 percent of the total output power between the
two modules during this transient. Moreover, the identical power sharing between
the two modules is achieved after 800 us.

The proposed controller is also applied to a system composed of three ISOP /TPOS
DAB converter modules in the laboratory. The new experimental setup includes
three ISOP/TPOS DAB converters with nominal tank inductances of 16.7uH, 15uH,
and 20 pH. Also, the input DC link capacitances of the modules are 11.4uF, 13uF,
and 15.2uF. The output DC link capacitance for all modules is 7T0uF and the turns
ratios of the transformers are 20:6, 20:7, and 20:7 for the three modules. The
switching frequency of all modules is T0KHz. The total input voltage is 120V and
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Figure 4.23: Controller Response in -4A to -TA Output Current Reference Step.
From Top to Bottom: Input DC Link Voltages ve; and Ves,Ave = vop — vea,
Individual Module Output Currents i, , 7,2, Ai, = 151 — 12, and Total Output
Current i, = 9y1 + 02
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Figure 4.24: Controller Response in -8A to -5A Output Current Reference Step.
From Top to Bottom: Input DC Link Voltages vor and Vs, Ave = ve1 — veo, and
Total Output Current i, = i1 + io2

the output voltage is 10V. The output current varies between -12A to 13A. When the
reference output current is 6A, the waveforms of input DC link capacitor voltages
Vo1, Voo, and ves, as well as the tank inductance currents and total output current in
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Figure 4.25: Controller Response in -4A to 4A Output Current Reference Step. From
Top to Bottom: Input DC Link Voltages vey and Vo, Ave = vor — veg, Individual
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Figure 4.26: Steady-State Response of the Closed-loop System with Three
ISOP/IPOS DAB Converters and 6A Reference Output Current.

steady-state are shown in Fig. 4.26. As Fig. 4.26 shows, the controller has provided
accurate power sharing among the modules by setting all input DC link capacitor
voltages at 40V. Also, the controller has regulated the output current at its reference
level of 6A.

If the reference output current experiences a step from 7A to 13A, the system
response will be as shwn in Fig. 4.27. As this figure shows, the maximum difference
between input DC link voltages in transient period is 1.5V an all modules have the
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Figure 4.27: Response of the Closed-loop System with Three ISOP/IPOS DAB
Converters and 7A-to-13A Reference Output Current Step.

similar input DC link voltage of 40V in steady-state. Finally, the output current
recovery time is 5ms.

Fig. 4.28 shows the open loop response of the system, when a common phase
shift is applied to all DAB modules such that the total output current is equal
to -3A. As seen from this figure, the input DC link capacitor voltages of different
modules are 80V, 25V, and 10V and vary considerably. The same issue is valid for
the individual module output currents. Therefore, the unbalanced power sharing
between the modules in the open loop condition highlights the necessity of a closed-
loop control system.

Fig. 4.29. shows the system response of the closed loop system in the discharging
mode, when the reference output current is changed from -6A to -12A. As this figure
illustrates, there is a near-zero steady-state power mismatch between modules. By
comparing Fig. 4.29 to Fig. 4.28, it is understood that the proposed controller has
managed to eliminate significant power imbalances between the modules in the open
loop condition. This can also be verified from the fact that the individual module
output currents are equal in Fig. 4.29. Also, the maximum difference between
input DC link voltages of two modules during transient period is 3V and the output
current recovery time is 9ms.

Finally, Fig. 4.30. shows the system response of the closed loop system in the
discharging mode, when the reference output current is changed from -12A to -6A.
The controller has managed to provide accurate power sharing between modules.
This can also be verified from the fact that the individual module output currents
and input DC link voltages are equal in Fig. 4.30. Also, the output current has
accurately tracked its reference signal and the output current recovery time is 11.5ms.

Table 4.3 provides a comparison between the features of the proposed controller
and other methods in the literature. As it can be seen, the proposed approach
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Figure 4.28: Response of the Open loop System with Three ISOP/IPOS DAB Con-
verters and Common Phase Shift Applied to All Modules in Discharging Mode.
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Figure 4.29: Response of the Closed-loop System with Three ISOP/IPOS DAB
Converters and -6A to -12A Reference Output Current Step.

is a distributed controller which avoids extra communications among the modules.
Therefore, it results in a system with a higher level of reliability.

Another feature of the proposed controller is that it is general and can be ap-
plied to any converter topology and it does not require system model or parameters.
Otherwise, the system may be prone to instability or degraded dynamical response.
In this chapter, the controller was applied to the DAB converter in simulations and
experiments, and to forward converter for comparisons with [6] in Fig. 4.19 and Fig.
4.20. Finally, the number of sensors required to implement a controller is important
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Figure 4.30: Response of the Closed-loop System with Three ISOP/IPOS DAB
Converters and -12A to -6A Reference Output Current Step.

Table 4.3: Comparison of the proposed method and Other Existing Methods From
Method Features Point of View

This Work [1] [10] [4] [5]
Distributed Yes No No Yes Yes
Not Limited to Yes Yes Yes No No

One Topology
Converter Dynamical
Model Implemented No No No No Yes

by Control Law

Sensors Per Module 2 3 3 3 2

because an increased number of sensors can increase the cost of the system. More-
over, sensors may be required to measure high voltage or high frequency signals,
which might impose practical limitations on the system design.

In addition to the features already mentioned, the proposed controller can provide
accurate power sharing among modules in the presence of parameter mismatches
among them. This is shown in the simulation and experimental results sections.
Concluding this section, experimental results were provided to show the effectiveness
of the proposed controller and the features of the proposed control method were
compared with other existing methods in the literature.
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Proposed Controller in This Chapter

4.10 Comparison of Proposed Controller Features
with Other Existing methods

This section presents information regarding some of the features of the proposed
controller and compares them with other existing methods, based on mathematical
grounds. Fig. 4.31 shows the schematic of N DC-DC converter modules connected
in ISOP, along with the proposed control diagrams for conventional droop controller
[7], positive output voltage gradient controller [16], and the proposed controller in
this chapter. The modular power conversion system in this figure transfers power
to a resistive load.

Droop Controller: Fig. 4.31(a) shows the block diagram of a conventional
droop controller. As the input signal processed by G1(s) to generate the duty cycle
has a DC constant value at steady-state condition, G;(s) has to have a zero pole
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for accurate reference traking according to internal model principle. Also, at steady
state, the input signal of G1(s) must have a zero value due to the zero poles of this
transfer function. Therefore, the droop controller makes the following equation valid
at steady-state for modules x and y:

Voref — ‘/o - kdjox = Voyref — ‘/0 - kdloy = 0. (437)

In (4.37), I, and V, denote the steady-state values for the x-th module output
current and output voltage, respectively. Equation (4.37) suggests that for two
arbitrarily-chosen modules of x and y, I,, = I,, = I5s with I, denoting the output
current level for each module at steady-state. This condition and KCL in for the
load node in Fig. 4.31 yield to:

Vo
Ig+1o+..+I,xy=NI,= = (4.38)
Equation (4.38) suggests [y = gf\r' Also, Equation (4.37) shows that Iy, =
v”’%f_vo. These two results yield:
d

Vo,ref
V= ———. (4.39)

k

1+ 2y

Equation (4.39) shows that V,#v, ,.r. In other words, using the droop controller,
there is always a steady-state error for the output voltage. In order to minimize this
error, the condition k; << RN must be valid for all load conditions according to
(4.39). For high load current levels or identically low R values, this issue implies the
essence of using small values for k;. This is while according to Fig. 4.31(a), kg is the
droop coefficient and the coefficient of an individual module output current in the
control law. Therefore, a small k; value degrades the power sharing performance of
the controller, as the duty cycle of a single module is less sensitive to changes in its
output current, or equivalently, the amount of power it transfers. In this regards,
if the output current of a specific module gets larger than the other modules, less
modifications will be made to its duty cycle, resulting in either a slower power sharing
dynamics, or degraded power sharing at steady-state. To quantitatively show the
effect of a small k; on power sharing dynamics, it is assumed that each module in
Fig. 4.31 is a DAB converter and the droop controller in Fig. 4.31(b) is applied.
According to (6) and by writing KCL in the input side for two arbitrarily-selected
modules of x and y, the following equation is obtained:

dch

dUC
C; —
dt

A, (1 — d,)v, = C
+ Ady( Jv o

+ My (1 — dy)v,. (4.40)

It is assumed that the nominal parameter values for all modules include D* for
duty cycle, ve* for the input DC-link voltage, i, for output current of an individual
module, and v,* for the output voltage. It is also assumed that all modules operate
around this nominal operating point and each parameter can be written as a sum
of a large-signal DC value, and a small-signal component. This way, the equations
d, = D* + d;, Vor = Vo™ + Vop, fow = Gos + G0z, and v, = v,* + U, can be written
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for module x. Defining Ave = Ave = Vep — Vey, Aty = Aty = Gy — Ty, and

Ad = Ad = d, — d,,, as well as (4.40) result in:

dAUC dA;}C
C; =C;
dt dt

= \v,*(2D* — 1)Ad. (4.41)

By linearizing (4.11) around the operating point, 4, is derived as:
iow = Mc*(1 — 2D%)d, + A(D* — D**)ujg. (4.42)
Using (4.42), Ai, can be derived as:
Niy = Mvc*(1 — 2D*)Ad + M(D* — D*?)Ave. (4.43)

Finally, from the control law in Fig. 4.31(a), AD(s) in Laplace domain is obtained
as:

AD(s) = —kAL(s)G1(s). (4.44)

Using (4.41), (4.43), and (4.44) leads to:
—CZAvc(O)

A20,*(1—-2D*)kyG1 (s)(D*—D*?)
1+ vc*(1-2D*)kqG1(s)

Avg(s) = (4.45)

—CZ'S +

where, Avg(0) is the initial difference between the input DC-link voltages of mod-
ules x and y. The condition k; << RN required for appropriate voltage regulation
imposes selecting a small k; value for load steps dealing with low R values. From
(4.45), it can be seen that the system poles associated with power sharing dynamics
become zero in case kgy~0. Therefore, selecting a small k; value to achieve appro-
priate output voltage regulation results in degradation of power sharing dynamics.

Positive Output Voltage Gradient Method: The block diagram of the
control system associated with output voltage gradient method is observable in
Fig. 4.31(b). A method similar to what was already used for droop controllers

in this chapter can be followed, to show that V, = M As this condition
shows, V,#v,,.r. To obtain acceptable voltage regulation, ko~1,k; << ky. Us-
ing the same approach used above for dynamic analysis of droop controllers, it
can be shown that the system poles associated with power sharing are the roots of
Cis + (1 = 2D*)Mv,*Ga(s)k; = 0. As it can be seen, if k;~0, then the system pole
will become near zero. Therefore, the condition k& << 1 needed to meet voltage
regulation requirements, reduces power sharing dynamics.

Proposed Controller: This part discusses different aspects of the proposed
controller for resistive loads. According to the concepts already discussed, there is
just one power flow direction from the input side to the load for resistive loads. Also,
for resistive loads, the goal is to regulate the output voltage instead of the output
current. Therefore, the control law in equation (1) should be rewritten as:

d; = ks / (Ufj - ZC—JJ:) dt (4.46)
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Table 4.4: Comparison of the proposed method and [7]

| Proposed | 7]
Input Voltage vy, (V) 320 320
Output Voltage v, (V) 50 50
Switching Frequency fs (KHz) 50 50
Inductor L (pH) 300 300
Input Capacitor C; (uF) 20 20
Maximum Load Current i, jaz (A) 10 10
Load Current Step Al, (A) 5 5
Output Capacitor C,(uF") 1100 1100
Transfomer Turns Ratios %, % %, %
Module Output Current Over/Under-shoot 0.07 0.95
tdev,out (A)
Average Module Output Current Recovery
. 3.35 17
Time t, oyt (mS)
Power Mismatch P, (percent) 0 0

,in which d; is the duty cycle applied to the j-th module and the block diagram
of the controller is shown in Fig. 4.31(c).

In this part, the voltage across the input DC link capacitor of module i at steady-
state is denoted by V;. Moreover, the output voltage level at steady-state is denoted
by V,. The integrator included in the proposed controller, which is observed in Fig.
4.31(c) and expressed by (4.46), results in ¥ei = Y& — Cxef for ;podules i and j. In

7 —
o Vo Vo,ref

V.
other words, Vi; = Vi; and the power sharing is achieved by the controller. This
is while KVL in the input side of the circuit along with power sharing imply Vi,
Vej = 4. Also, the output voltage is regulated at V, = vo,ref% = Vg ref vaéfref.
This result shows that to achieve accurate output voltage regulation i.e. V, = v s,
the condition ve e = Vi must be met. Therefore, similar to (2), ve,es is obtained

as:

Veer = ki (V9 — Vorer) + i / (00 — Voot (4.47)

As illustrated above, V, = v,,.¢ if and only if, vc,ef = V. Therefore, the
accurate value for ve,.r can be automatically found using applying a PI control
loop to vy — Vg ref-

Using the same methodology presented for droop controller, it can be shown that
the system pole associated with power sharing dynamics is expressed by %.
As this result shows, the real value of the pole decreases by increasing ks, resulting
in faster system responses for power sharing. As a conclusion to this section, the
proposed controller in this chapter enables accurate output voltage regulation and
power sharing simultaneously and independently.

Simulation Case Study: In this simulation case study, the performance of
the proposed controller is compared with inverse droop controller [7]. A system
composed of two ISOP full bridge-based converters with total input voltage of 320V,
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Figure 4.32: Simulation Results for Comparison between the Proposed Controller
and Inverse Droop Controller in [7]

input DC link capacitors of 20uF, transformer turns ratios of 0.9:1 and 1.1:1, filter
inductances of 300uH, filter capacitances of 1100uF, and switching frequnecy of
50KHz is assumed [7]. This system delivers power to a resistive load and the reference
output voltage is 50V [7]. For two consecutive load steps from 102 to 50 and
vice-versa, the load transient response of the proposed controller in this chapter is
shown in Fig. 4.32. Table 4.4 shows the controller performance indices and system
parameters for the proposed controller and inverse droop controller in [7]. As Table
4.4 shows, overshoot/undershoot levels and recovery times for the module output
currents are smaller using the proposed controller, compared with [7]. Also, Fig.
4.32 shows that the proposed controller has managed to provide accurate current
regulation and power sharing independently and without trade-offs.
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Chapter 5

Application of Proposed
Distributed Controller in Other
Modular Configurations and an
Analysis Framework

In the previous chapter, a decentralized control framework was introduced to tackle
control challenges associated with stage 1 converters of a data center, if ISOP or
IPOS configuration is used to implement this stage. The control challenges for
ISOP DC-DC converters, including appropriate power sharing, fast dynamics, bidi-
rectional power flow, and system stability were also discussed. As it was stated in
Chapter 4, the modular configuration used to implement stage 1 converters depends
on their voltage and current ratings, which in turn is a function of the data center
power management architecture. Motivated by this fact, this chapter extends the
application of the control system proposed in Chapter 4 to other modular configura-
tions. Throughout this chapter, the special focus is on ISOS DC-DC converters and
their specific control challenges. The current chapter also provides a general con-
trol framework applicable to various modular configurations. Finally, an analysis
framework for battery-connected ISOS DC-DC converters is also presented.

As mentioned in Chapter 1, some of the challenges associated with ISOS DC-DC
conversion systems include appropriate power sharing among modules [89, 90, 91],
stability issues [89], system modularity [94, 95, 96, 97, 98], and dynamics [99]. To
solve these challenges, this chapter extends the application of the distributed control
system introduced in chapter 4, to other modular configurations specially the Input-
Series Output-Series (ISOS) structure. In this chapter, the roots of system instability
in I[ISOS DC-DC converters are investigated and it is figured out that the resonances
between the input and output DC-link capacitors are the reason behind the stability
issues. Next, the stability problems are resolved by inserting an extra term in the
control law, in the process of controller extension from Chapter 4. This new term
damps the oscillations between input and output DC link capacitors in an ISOS
system. It also stabilizes the system and enhances the dynamical response of the
system.
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Chapter 5 also presents a framework to analyze closed-loop ISOS DC-DC convert-
ers. The proposed framework is applicable to all converter topologies and controllers.
It also provides clear insights about the stability issues in ISOS converters, by ob-
taining input and output impedance, as well as gain transfer functions for every
individual module in the closed-loop system. To calculate these transfer functions
for a specific module, the effects of other modules are also considered. The obtained
transfer functions gives insights about system dynamics and stability. It is worth
mentioning that the proposed controller increases system modularity using a dis-
tributed approach instead of centralized methods. The system dynamics and power
sharing among the modules are also improved by using the division operator in the
control law, which will be discussed further in the chapter.

The proposed framework in this chapter for ISOS converters is applied to ISOS
dual active bridge converters, with the control system introduced in Chapter 4. It
is shown that applying this controller to ISOS DC-DC converters leads to no trade-
offs between input and output voltage sharing. The control system also supports
the operation of the converters in both power flow directions. Also, the proposed
controller does not require to use the converter models and parameters, improves
power sharing and system dynamics, and finally does not increase the cost and
complexity of the system by avoiding any extra auxiliary component.

5.1 Chapter Challenges, Literature Review, and
Contributions

5.1.1 Challenges

The architecture of the power management system of a data center is shown in Fig.
5.1, in which the modular DC-DC conversion stage i.e. stage 1 is highlighted by
yellow color. In the current chapter, it is assumed that stage 1 DC-DC converters
are connected using modular Input-Series-Output-Series (ISOS) configuration.

Most of control challenges associated with ISOS converters are similar to ISOP
and [POS DC-DC converters. These challenges include power sharing, low sensitiv-
ity to intermodular parameter mismtaches, and fast dynamics. However, stability
requirements have differences in ISOS DC-DC converters. The schematic of an ISOS
DC-DC conversion system is shown in Fig. 5.2.

In an ISOS DC-DC conversion system, there exists an inherent positive feedback
phenomenon which can lead to instability. For simplicity, it is assumed that in Fig.
5.2 there are just 2 ISOS modules i.e. N=2. Assuming that at a specific switching
cycle, the input DC link voltage of module 1 denoted by v, 1 is increased. This step
is marked as (1) in Fig. 5.2.The input DC link voltage increase in module 1 requires
power absorption from the output node of module 1, leading to a decrease in output
voltage of the module v,;. This output voltage decrease is marked by step (2) in
Fig. 5.2.Since N=2, according to KVL, v,1+v, n = Upe: in Which vy, is the constant
battery voltage. According to this fact, a decrease in v,; results in an increase in
vo,n. This step is marked as (3) in Fig. 5.2. The increase of the output voltage of
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Figure 5.2: Modular Input-Series-Output-Series (ISOS) DC-DC Conversion System

module N demands power absorption from th input terminal of the same module,
leading to reduction of v;, ;. This stp is marked as (4) in Fig. 5.2. Finally, according
to the KVL in the input side, v, 1 + Vin, v = vg.. Therefore, a decrease in v;, xy will
result in an increase of v;, ;. This step is marked as (5) in Fig. 5.2. Assuming
steps (1) and (5) simultaneousl in Fig. 5.2, a positive feedback on the input voltage
of module 1 is observed. This positive feedback causes an inherent instability of
an ISOS DC-DC converter system. The generality of the mentioned concept is not
lost in case N is greater than 2. In fact, the energy in an ISOS DC-DC conversion
system is constantly circulated between the input and output DC link capacitors of
all modules in a pattern similar to the 5 step phenomenon discussed above. This
results in low-frequency oscillations in input and ouput DC-link capacitor voltages
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of all the modules. Later in this chapter, the frequency of these oscillations f,sc will
be shown to be expressed as:

1
27'('\/ CinCo .

The controller applied to an ISOS DC-DC conversion system needs to be de-
signed adequately to damp these oscillations. Therefore, in the current chapter,
an additional control term is added to the proposed control system in the previous
chapter, to damp the oscillations. The basic idea is to add a coefficient of the input
DC-link voltage error of each module to the phase-shift or duty cycle control law.
This additional term acts as a virtual resistor and damps the osillations in the ISOS
system. Further detailed aer presented in the next sections of the chapter.

fosc = (5.1)

5.1.2 Literature Review

This subsection discusses the proposed control systems in the literature for Input-
Series Output-Series (ISOS) DC-DC converters. Today, power conversion systems
with high voltage level requirements are demanded in many applications. Instead
of relying on a single conversion unit, these systems use several converters to form
modular structures, realizing system-level objectives more efficiently. In particular,
the Input-Series Output-Series (ISOS) modular structure is preferred for systems
with both high level input and output voltages. In ISOS configuration, switches
with lower voltage ratings may be used in the converter development process [89].
The cascaded structure of the ISOS configuration increases modularity, reduces the
maintenance cost [90], and enables systematic expansion of system functionalities
[91]. Finally, as system components need to tolerate lower electrical and thermal
stresses in ISOS, the reliability is increased [91].

The advantages mentioned make ISOS DC-DC conversion systems a perfect so-
lution for space exploration systems [90], solid state transformers [91, 92|, DC trans-
formers [91, 92], and subsea distribution systems [93]. Some of control challenges
associated with ISOS DC-DC converters include power sharing among modules
[89, 90, 91], and stability issues [89]. Also, controllers applicable to other modu-
lar configurations might fail to guarantee a stable system operation in ISOS [89].

For accurate power sharing among modules in an ISOS system, some of the ex-
isting approaches use auxiliary circuits or special converter topologies with natural
power sharing [90],[94, 95, 96, 97, 98]. These circuitry approaches increase system’s
modularity and reduce the control burden. However, they either increase the cost
and complexity of the system or may be unable to achieve some features such as
high power densities, or bidirectional power flow. [90] uses a parallel branch includ-
ing a MOSFET and a coupled inductor for power sharing, and is applicable to all
topologies [90]. However, the auxiliary inductors increase magnetic losses. [94] and
[95] achieve power sharing using paralleled MOSFETSs, and a MOSFET-inductor
combination, respectively. Although these approaches are systematic, they increase
the number of circuitry components as well as cost and losses for a high number
of modules. [96] uses a full-bridge based topology for natural power sharing with
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reduced control burden. However, large-sized input capacitors are required, slowing
down input voltage sharing dynamics. [96]. [97] uses a flyback-based topology for
power sharing, which limits efficiency in high power applications due to an increased
number of diodes used [97]. Finally, [98] proposes a two-transistor forward converter
achieving active power sharing. However, as additional magnetic couplings between
modules are required, the transformer’s and converter’s volumes are increased.

Control methods are also used in the literature for power sharing in an ISOS struc-
ture. The duty cycle applied to a specific module in one of these control classes is
generated by processing the voltage/current signals of all other modules except that
module itself [89, 99]. These controllers avoid sensing high-level input voltages [99]
and enhance system dynamics [99], while reducing reliability due to communications
among modules. Another control class uses droop/ inverse droop and gradient-based
control methods for power sharing [100, 101, 102]. Although these controllers provide
a distributed system with increased modularity [100], they create trade-offs between
input voltage sharing and output voltage regulation. Peak-current controllers with
effective rejection of input voltage disturbances are proposed in [8, 103]. However,
implementation delays and reduced reliability arise from inter-modular communica-
tions the controllers require [103].

Some of existing controllers need system model or parameters for power sharing,
reducing system robustness [104, 105, 106]. [104] uses model-predictive controllers
with enhanced dynamics and reduced costs [104, 105]. [105] proposes a tunable power
sharing method, and [106] provides new hot plug-in and out features. Miscellaneous
methods such as applying a common duty ratio to all modules [107], or modular
decoupling are also proposed [108]. The first method has a simple structure [107]
with sensitivity to parameter mismatches among modules, and the latter requires
inter-modular communications.

5.1.3 Contributions and Targets

This chapters aims at:

1. Extending the control system proposed in Chapter 4 to ISOS DC-DC conver-
sion systems.

2. Adding new control terms to suppress oscillations mentioned in the previous
subsection. This will stabilize the inherently unstable ISOS DC-DC system.

3. The proposed controller should have fast dynamics and suld not be sensitive
to intermodular parameter mismaches

4. This chapter proposes an analysis framework for battery-connected ISOS DC-
DC converters.

5. A general control framework for modular DC-DC converters is derived.

6. A comparison table is presented to compare various existing control methods
with the presented control in this dissertation.

Contributions: This chapter presents a distributed control system for Input-
Series Output-Series (ISOS) structure and a framework to analyze closed-loop ISOS
DC-DC converters. The proposed approach is applicable to various topologies and
controllers, as it provides clear insights into stability issues in the ISOS set-up by
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computing input and output impedance and gain transfer functions for each mod-
ule. When calculating these transfer functions, the effects of other modules are also
taken into account. The framework is applied to ISOS dual active bridge converters
controlled by the control system proposed in this chapter. The presented controller
does not increase converter cost, complexity, losses, and volume. Furthermore, no
tradeoffs between inputs/outputs voltage sharing occur when the controller is ap-
plied. The proposed control system also supports operation of converters in both
power flow directions without needing converter models/parameters or communica-
tions among modules. As a result of using the introduced controller, power sharing
and system dynamics are both improved. The effectiveness of methods and solu-
tions presented in this chapter is demonstrated using simulations and experimental
results.

5.2 Chapter main Control Concept

This section discusses the solution to the stability challenges mentioned in secion
5.1.1 for ISOS DC-DC converters. To tackle the positive feedback phenomenon
mentioned in section 5.1.1 and avoid oscillations, it is required that the controller
responds quickly to any errors in input DC link voltages of a specific modules. For
example, in Fig. 5.2, let us assume that v;, 1 has become greater than its reference
value. If the decentralized controller applied to module 1 is designed such that an
amplified version of this input voltage error is reflected in the generated duty cycle
at the next switching cycle, the transferred power level from the input to the output
terminals will be increased. As a result, the excessive input DC link voltage starts to
decrease immediately and it will not have time to endure by discharging the output
capacitor. Therefore, the input and output capacitors cannot oscillate with each
other any longer. In fact, the input terminal power error is compoensated for by
the controller just locally at the input node and not by power exchange between
input and output terminals. As a result, avoiding this power exchange damps the
oscillations and avoids system instability.

The most straightforward method to reflect input DC link voltage error of module
j in the control law with the shortest time delay after error occurence, is by adding a
new term proportional to this voltage error to the duty cycle expression. Denoting
the reference value of the input DC link voltage of module j by v¢ .y and considering
the controller proposed in chapter 4, the modified control law for the battery charging
mode will be expressed as:

dj = ]{jl/ ( Yin.j — UCret ) + kc(vin,i - UC,Tef) (52)
t

lo+C  lopeftC

in which d;, vin j, Vcrefs tos toref, k1, ke, and ¢ denote the duty cycle of module
j, input DC link voltage of module j, reference input voltage of module j, output
current, reference ouput current, integral gain, proportional gain, and denominator
constant respectively. Further details will be provided in the next sections.
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Figure 5.3: Schematic of Battery-connected ISOS DC-DC Converters
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5.3 Framework to Analyze ISOS DC-DC Convert-
ers

This section provides an analysis framework for closed-loop ISOS DC-DC converters
interfacing the rectified grid voltage and a battery. Fig. 5.3 presents the system
schematic. In Fig. 5.3, vg4. is the total input voltage, 7;, is the total input current,
Upat 18 the battery voltage, i, is the total output current, C;, and C, are input and
output DC link voltage capacitors for each module, and finally L, denotes the total
output inductance of the system. Since the size of L, inductance is small and it is
used to prevent paralleling capacitors and the battery, it is assumed that it plays
only a negligible role in forming the system dynamics and its effects can be ignored
in this regard. Also, the ISOS structure in Fig. 5.3 interfaces N modules using
the ISOS configuration. For the j-th module (0 < j < N + 1), vip j, Ginj, Vo, and
10,7 denote the input voltage, input current, output voltage, and the output current
of the module, respectively. If a control system is applied to the j-th module and
the closed-loop model of this module is derived and linearized around its operating
point, the module’s model at terminals is obtained as:

o = [ ] [t 59

It is worth mentioning that Ajq1, A;j12, Aj21, and A9 in (5.3), are all transfer
functions in the Laplace domain and they depend on the converter topology and
the associated control system. For a specific converter topology and control system,
these transfer functions need to be calculated. As all the modules are connected in
series at their input terminals, their total input current are equal according to KCL.
Therefore, for two arbitrary modules such as the j-th and k-th modules, KCL yields:

. dvin j . dvin
Linj T CmT’J = lnk T+ CmTk (5.4)
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Moreover, as the total input and output voltages are equal to the sum of input
and output voltages of all modules, writing KVL in the input and output sides leads
to:

N
Z Vin,j; = Ude (55)
j=1

and,

N
Z Vo,j = Ubat- (56)
j=1

Similarly, writng KCL at the output terminals of the two arbitrary modules j and
k leads to:

dv, ; dv,

Zo,j — Co di =lok — 007. (57)
Equations (5.4) and (5.5) can be used to derive:
al dv;
Zlmj = N’lmj +NCWL% (58)
j=1

From 5.8, the mathematical equation governing the input DC link voltage of
modules can be found as:

N
dvinj 1 . 1— N
g i 5.9
dt  NC, 2 link e ting (5.9)
k=1,k#j

Similarly, from (5.6) and (5.7), the dynamical equation for the output voltage of
a module is found as:

N

> io; = Ni,; — NC,

J=1

dUO7 j
dt

(5.10)

By summing up (5.10) for all modules, the output voltage dynamics for a specific
module is obtained as:

N
d’l)o,j —1 . N — 1 .
= > doxt NC o (5.11)

O k=1,k#j

If equation (5.9) is written in the matrix format, its equivalent in the Laplace
domain is obtained as:
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— 1 — — -—
NCipns O [in,l
{Imj]: vos 1| Iy | - (5.12)
S .
L NCins 0]  Lfinn]

Similarly, equation (5.11) results in:

- —1 -
NCys 0 Io,l

V;' a . .

[Ioﬂ: NeLoglo 7, (5.13)
_Nz’is 0_ _Io,N_

Equations (5.3), (5.12), and (5.13) result in:

. A21 al . A21<1 — N) .
ChS owiD S {T e e (5:14)
k=1,k#j
and,
N N
—1 . N-1. An .
NC,s Z fok i NC,s'* = NCys Z ik
k=1,k#j k=1,k#j (5.15)

A1 (1= N) ,
e A iy
|: NCmS + Az 7

Using (5.14) and summing up all the expressions for all the modules lead to:

N N

Z io,j - A22 Z iin,j- (516)

o j=1
Finally, (5.14) and (5.15) and (5.16) yield:

i0,j(5) _ (Ap Ay — A1pA9))Cos — AggAgy + A®Ciys (5.17)
Bin,j () A11Cps — Aoy + AgoCiys . .

Equation (5.17) expresses the current gain transfer function for a specific module,
in a closed-loop ISOS DC-DC conversion system. Using (5.3) and (5.17), all other
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Figure 5.4: Schematic of a Dual Active Bridge Converter

transfer functions can also be obtained for a specific module. Therefore, the proposed
framework to analyze battery-connected ISOS DC-DC converters can be explained
as follows:

Step 1: For a given topology and control system, A;11-A; 20 matrices in 5.3 need
to be calculated.

Step 2: Using (5.3) and (5.17), all transfer functions for a specific module can be
calculated. The next section describes the application of the control system proposed
in chapter 4, to ISOS dual active bridge converters.

5.4 Application of Proposed Controller to ISOS
DAB Converters

This section discusses the application of the proposed controller in chapter 4, to
ISOS DAB converters. Fig. 5.4 illustrates a DAB converter, which is used as a
modular unit in Fig. 5.3.

The notations used for the DAB converter are the same as those used in chapter
4. Using the same method as in chapter 4, the phase-shift applied to the j-th module
can be given by 0; = mD;. Also, D; is defined such that an increase in its value
increases the power transferred by the module.

Considering the i-th module in Fig. 5.3 and assuming the battery charging mode,
if vy, ; is greater than its reference value, this means that the DC link capacitor of the
module is discharged less as expected by the battery. Therefore, more power must
be transferred from the input to the output side, to discharge the DC link capacitor
as required and set v;,,; back to its reference value. To increase the transferred power
of the module, its duty cycle d; must be increased. Similarly, if i, is greater than its
reference value, this means excessive power is transferred to the battery by the entire
structure and to help reduce it down, each module must contribute by reducing its
own transferred power. Equivalently, d; must be reduced. In conclusion, d; must
be increased and decreased, if v;,; and i, are greater than their reference values,
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respectively. This can be achieved using the division function and by setting d; in
battery charging mode as :

d; = K, / (“" _ UGt )dt, K, > 0. (5.18)
: \lot+C logef T C

However, if the power flows from the output side to the input side, the duty cycle
applied to the i-th converter is calculated by:

d; = K, / (“” _ Ueres >dt, K, < 0. (5.19)
t \lotC¢C loref T C

In fact, instead of using both division and multiplication functions as in ISOP or
IPOS configurations, only division function is used in ISOS configuration for both
power flow directions. However, the controller gain is either greater or less than
zero using the division function, based on the power flow direction. The reason why
unlike ISOP or IPOS converters, division is required for both power flow directions
for ISOS converters, is that an ISOS system behaves the same if input and output
sides are reversed based on the power flow direction. However, an ISOP structure
in battery charging mode becomes IPOS in the battery discharging mode and the
system characteristics change. It is worth mentioning that a division function is
selected to enable the modules to react faster to power mismatches among themselves
and hold an appropriate power sharing, while changing their transferred power levels
during transients. This feature is important to guarantee a stable operation and is
obtained because v;, ; is in the nominator of the division function. Fig. 5.5 illustrates
the block diagram of the proposed controller for ISOS DAB converters.

As Fig. 5.5 illustrates, two different control architectures based on the division
function are used for different power flow directions. To enable soft transitions
between the two modes, the same methodology as in chapter 4 is used. First, i, ,es
is compared with zero to determine the power flow direction. Next, the duty cycle
applied to the converter is sampled at the instant of the power flow change and
the integrator is reset. Finally, one of the generated duty cycles is applied to the
converter by a 2-input MUX, based on the power flow direction.

5.5 Stability Challenges in ISOS Converters and
Modified Version of Proposed Controller

Selecting the ISOS configuration to connect several DC-DC converter modules can
bring challenges in controller design to achieve a stable system operation. By taking
ISOS DAB converters as an example and assuming common phase-shift control for
all modules, this section illustrates the inherent instability in the ISOS structure.
The system schematic is given in Fig. 5.3 and Fig. 5.4. It is assumed that the
common duty ratio d., is applied to all modules. Considering Fig. 5.4 and from
chapter 4, it is known that for a DAB converter, the converter gain is given by:

oot \d(1 — d). (5.20)

Vin Vo
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Figure 5.5: Proposed Control System for ISOS DAB Converters

Using (5.7) and (5.20) leads to:

d(Voj — Vok)

AMeom (1 = deom) (Ving — Ving) = Co = (5.21)
Similarly, using (5.4) and (5.20) leads to:
Mo (1 dog (00— ) = —C 0 Vin) (5.22)
Denoting Avi;, = Vin,j — Vink, (5.21) and (5.22) can be used to derive:
LA | Nedoom (1~ dom)” (5.23)

dt? CinCo

The 2-nd order differential equation expressed by (5.23) suggests low-frequency
ripples on DC-link voltages of the modules. The frequency of these oscillations are
calculated as:

_ DAB Gyrator Gain
B 21/ CinC,

In the above equation, the DAB Gyrator Gain is the output current-to- input
voltage gain of a DAB converter module, which acts as a Gyrator. In fact, this
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equation shows a resonance and power exchange between input and output DC link
capacitances in ISOS structure. As these oscillations are of low frequencies and are
not equal to the switching frequency, they can be interpreted as a marginally stable
system which can become unstable in practice. This is because these oscillations are
related to a joint of complex poles on jw axis in s-plane.

The inherent tendency of an ISOS system to become unstable can be addressed
by appropriate controller design. The proposed analysis framework in this chapter
is capable of evaluating the stability of a closed-loop ISOS structure by deriving the
system poles in the obtained transfer functions. To eliminate low-frequency ripples
on DC-link voltages of modules, a coefficient of the term dAd% can be added in
(5.24). In the analysis provided in this section, common duty ratios were applied
to both modules to derive (5.24) and as a result, the term %A% was absent in this

dt
equation. So, the control law in (5.18) can be modified as:

4 = K, / (“" _ _Yrer ) dt + Ko, Ky > 0, K, > 0. (5.25)
t \lo+C logeft+C

Similarly, (5.26) can be modified as:

d; = K, / <U" _ _YCret ) dt + Kqvin, Ko < 0, kg < 0. (5.26)
t o+ c loref +c
This way, the difference between the duty ratios applied to both modules di-
rectly includes a new Awy, term. To eliminate the low-frequency ripples in (5.24),
K. and kg4 should be designed such that Awv;, disappear as fast as possible during
system operation. The next section analyzes the proposed control system for ISOS
converters.

5.6 Application of Proposed Analysis Framework
for Analysis of Proposed Closed-loop ISOS
System

In this section, the proposed framework in this chapter is used to analyze the pro-
posed closed-loop ISOS DAB converters. For this purpose, the matrix indices in
(5.3) must be calculated first. Considering Fig. 5.4 and linearizing (5.20) around
the operating point of the converter lead to:

bim Bin 1 ~ it (20— 1)

= — o d 2
CTNA-d) MO—d) M) a1 ) (5:27)

in which, the parameters accompanied by * denote the values at the operating
point of the converter. From (5.27), the small-signal model of a DAB converter is
expressed as:

1 < (24— 1)
= Lin
Ad*(1 — d¥) A (1 — d*)?
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From (5.20), the gain expression of a DAB converter using the single phase shift
modulation can be rewritten as:

B0 = Mo 4+ Vi) (d* — d*% + (1 — 2d*)d). (5.29)
Finally, from (5.29), the linear model of a DAB converter is obtained as:
io = Md* — )i, + A" (1 — 2d)d. (5.30)

If the power flows from the voltage source to the battery, (5.25) and KCL in the
output side of the module result in:

d(d) Kl Klvm* ~ + Klvm*C'o dUO i dU;n
e /LO ) -, C .
dt Goref + € (toref +€)? (toref +¢)? dt dt

From (5.28), (5.30), and (5.31), all the matrice indices in (5.3) can be calculated
in s-domain. Due to the complication of the equations in parametric format, these
transfer functions are numerically calculated below for a case study. This case study
also shows the dynamic response of the converter for the battery charging mode,
when i,,.r experiences a step change. It is shown that the predicted waveforms
using these transfer functions are matched with simulation results.

Case Study 1: Two ISOS DAB converters are assumed with 22uF and 25uF
input DC link capacitors, 16.7uH and 15uH tank inductances, and finally 60pF and
70uF output DC link capacitors. The turns ratios of the transformers are 20:6 and
20:7, for the modules, respectively. The total input and output coltages are 400V
and 100V, respectively. The modules transfer power from the input to the battery
side and the controller parameters are designed as K; = 500 and K, = 0.02. Using
the proposed analysis in this chapter, the input current-to-output current transfer
function of a module is given by:

I, ;(s) 52 — 315005 — 184365000
g(s) = =

= —1.32 . 5.32
Lin i (s) s? + 15000s + 42130000 ( )

Vin —

(5.31)

For a 8A-to-9A output current step, the transfer function expressed by (5.32) is
applied to the input current of a module. The actual output current obtained by
simulation and the predicted output current obtained by the transfer function are
compared in Fig. 5.6. As this figure shows, these two currents match each other
and this verifies the effectiveness of the proposed analysis framework in this chapter.
Also, it can be seen that all system poles in (5.32) are in the negative half of s-plane.
Therefore, the system is stable.

5.7 Investigation of System Stability with Pro-
posed Controller

Using the proposed framework to obtain system transfer functions, all the system
poles can be calculated for ISOS DC-DC converters with the proposed controller.
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Figure 5.6: Comparison Between the Predicted Output Current by Transfer Func-
tions and Actual Output Current Obtained by Simulation

This section provides a case study to investigate system stability with the proposed
controller. For this purpose, the root locus diagram is plotted for different values of
k1 in the battery charging mode.

Case Study 2: In this case study, the system parameters are the same as in
case study 1. The transfer functions associated with the system are obtained using
the proposed framework and the dominant poles of the system are plotted in a root
locus diagram for 200 < K7 < 10000, K. = 0.02. As a result, the root locus diagram
in Fig. 5.7 is obtained. According to this figure, the system poles are in the negative
half of s-plane. Therefore, the system is always stable. It can also be observed that
the greater K, the faster system dynamical profile is achieved. This is because
by increasing K, the system poles are transferred further left from the jw axis in
s-plane.

According to the Nyquist stability criterion, the real value of tall system poles
must be greater than % in order to have a stable operation. Therefore, the real
values of the dominant poles cannot be less than -50000 in the stable operation re-
gion. This condition is fulfilled according to the root locus diagram for the variation
range of K.
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Figure 5.7: Root Locus Diagram for ISOS DAB Converters with Proposed Controller

5.8 Simulation Results

This section validates the performance of the proposed controller for ISOS DAB
converters using several simulation scenarios.

One of the applications in which ISOS DC-DC converters are frequently used
include electrical transportation vehicles such as railways and electric vehicles [8].
In an electric vehicle, for example, the vehicle battery should be charged fast and
normally, the constant current-constant voltage approach is used for this purpose.
The electric vehicle battery is charged using an electric grid and is also used as an
energy storage device, to provide the grid with the power it needs at other times.

The amount of power the battery is required to provide to the grid, and the
power flow changes during the system operation. Therefore, ISOS converters must
be able to provide bi-directional power flow capabilities and the system dynamics in
reference load current steps has to be optimized, so that electric vehicles can provide
the grid with its required power in the shortest possible time period.

Motivated by the above discussions, the performance of the proposed controller
is simulated for various reference load current steps in this section. The results
show that the proposed controller can handle reference load current steps in battery
charging, discharging, and transitions between charging and discharging modes.

Scenario 1: Two ISOS DAB converters are assumed with 22uF and 25uF input
DC link capacitors, 16.7uH and 15uH tank inductances, and finally 60uF and 70uF
output DC link capacitors. The turns ratios of the transformers are 20:6 and 20:7,
for the modules, respectively. The total input and output coltages are 400V and
100V, respectively. If the modules transfer power from the input to the battery side
and the controller parameter is designed as K; = 500 and K. = 0.02, the system
response to a 8A-to-15A step for the reference battery current is as shown in Fig.
5.8.

As Fig. 5.8 illustrates, the controller has provided accurate power sharing between
modules both at steady state and transient conditions. Also, the battery current has
tracked its reference command accurately without any overshoots or undershoots.
Moreover, the controller has enabled a fast system response.
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Figure 5.8: System Response For a 8A-to-15A Reference Battery Current Step:
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Input DC Link Capacitor Voltages For -9A to -5A Load Step

202
/>\ Vin,1 fo
\i 200 Vin,2
198 :
0.1 0.1005 0.101 0.1015 0.102 0.1025 0.103 0.1035 0.104 0.1045 0.105

Time(s)
Output DC Link Capacitor Voltages For -9A to -5A Load Step

51

T T T T T T T I
0.1 0.1005 0.101 0.1015 0.102 0.1025 0.103 0.1035 0.104 0.1045 0.105
Time(s)
Battery Current For -9A to -5A Load Step

io (A)

-10

0.1 0.1005 0.101 0.1015 0.102 0.1025 0.103 0.1035 0.104 0.1045 0.105
Time(s)
Figure 5.9: System Response For a -9A to -5A Reference Battery Current Step:
Input and Output DC Link Voltages and Battery Current Waveforms

Scenario 2: Two ISOS DAB converters are assumed with the same parameters
as in scenario 1. If the reference battery current experiences a step from -9A to -5A,
the system response waveforms are shown in Fig. 5.9. As this figure implies, the
battery current reaches its steady-state value within 10ms and the DC link voltages
guarantee appropriate power sharing in both transient and steady-state conditions.

Scenario 3: Two ISOS DAB converters are assumed with the same parameters
as in scenario 1. If the reference battery current experiences a step from -4A to
4A, the system response waveforms are shown in Fig. 5.10. As this figure implies,
the battery current reaches its reference steady-state value and the DC link voltages
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Figure 5.10: System Response For a -4A to 4A Reference Battery Current Step:
Input and Output DC Link Voltages and Battery Current Waveforms
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Figure 5.11: System Response For a 8A to 0A Reference Battery Current Step:
Input and Output DC Link Voltages and Battery Current Waveforms

guarantee appropriate power sharing in both transient and steady-state conditions.

Scenario 4: in this scenario, the system parameters are the same as in the
previous ones. The output reference current references a step from 8A to OA. In fact,
the system experiences a transition from the full load battey charging condition to
the no load condition. The system response is given in Fig. 5.11.
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5.9 Reference Generation Approach with Appli-
cation to ISOS Forward Converters

This section discusses the procedure of setting the reference signal for the input DC
link voltage using the proposed controller. Also, a case study is presented for ISOS
forward converters, to demonstrate the effectiveness of the presented method. In
case the total input voltage applied to the ISOS structure is changed, or some of the
modules are either plugged in or out of the system, the reference value for the input
DC link voltage changes. This is because this reference value shuld be equal for
all modules, to enable appropriate power sharing among them. Thus, the reference
value is equal to the total input voltage divided by the number of modules and a
change in either of these parameters lead to a change in the reference value. In order
to keep the controller structure distributed and avoid any additional supervision on
the controller performance when a reference value change is required, the procedure
of setting the reference value should be done automatically. This section modifies
the controller structure, to enable this feature.

Considering modules i and j and assuming that the power flows from the input
to the output side, the integrator in (5.18) yields:

Vin,i o Vin,j VC,ref

. = - = - . (5.33)
1o+ C 1, + C logref T C

Because the ISOS configuration is used, i, is common for all modules and (5.33)
yields v ; = Vin;. Therefore, power sharing among the modules is guaranteed at
steady-state, apart from any differences between 7, and %,,.f. So, if the total input
voltage V) is applied to the system, v;, ; = vVint = %, in which N is the number of
modules. Let us assume that just in the start up condition, vc,er = %manuaﬂy
by external supervision. If the total input voltage is changes to V5 during system
operation, the above discussions suggest that v;, ; — vin ; = % At this point, (5.18)
yields:

153 141

N =N (5.34)
1, +c¢C Loref +c

As illustrated by (5.34), 4, is not equal to i,,ef, after a step in the total input
voltage. However, the power sharing is automatically maintained by the controller.
This forms the basis of the first proposed approach for automatic reference setting for
Verep. This method is called Two Stage Reference Setting. When vy, ; = vy, ; = %
at steady-state, if vo,ef = % is set, (5.34) suggests that i, = i,,.r. Therefore,
the Two Stage Reference Setting Algorithm can be implemented using the following
steps:

Step 1: In start-up condition, vg .y = % should be set manually. Step 2: During
system operation and at steady-state, whenever i,#i,,.r, the value of ve s for
module i should be set equal to the value of v¢; at the same steady-state condition.

The second method proposed to set v¢ .r automatically is called Reference Set-
ting Without Start Up Planning. In this method, the value of vc ,es is set automat-

ically both at start-up and during the system operation. Therefore, unlike the Two
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Figure 5.12: Comparison Between the System Performances Using the Proposed
Controller and [8] in a 290V to 390V Input Voltage Step

Stage Reference Setting Algorithm, it is not required to set the initial value of ve ,ef
at start-up condition. This method uses a PI control loop to set the value of Vi ..
In fact:

UC,ref = Kia /(io — ’L'O,ref)dt + Kpa(io - io,ref)- (535)
t

While discussing the two stage reference setting algorithm, it was pointed out
that the value of v¢ o must be modified whenever 4,7, .. In the reference setting
without start up planning, the value of v¢ . is selected to make i, = 7., at steady-
state, by means of a PI control loop. This method is implemented using simulations
in the next section, while comparing the proposed controller with an existing one in
the literature.

Finally, it is worth mentioning that the two stage reference setting algorithm
allows the system to reach its new steady-state condition when the number of mod-
ules and the input voltage change. Once this new steady-state condition is reached,
the control parameters are modified automatically. Therefore, compared with the
second approach, this method benefits from a higher system reliability. This is
because if the control parameter modifications and the system structural changes
happen simultaneously, it can lead to faults in the system. On the other hand, the
second proposed method benefits from faster dynamical responses and requiring no
reference values to be set at start-up.
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Figure 5.13: Schematic of Three ISOS Forward Converters for Comparison Case
Study

5.10 Comparison Results for ISOS Forward Con-
verters

In this section, the proposed controller in this chapter is compared with [8]. Three
ISOS forward converters are considered in Fig. 5.13 with the parameters shown in
Table 5.1.

The total input voltage is changed from 290V to 390V and the reference output
current is 3A. Fig. 5.12 shows the system response for input and output DC link
capacitor voltages, when the proposed controller in this chapter is applied as the
total input voltage increases from 290V to 390V. From comparing the first two
columns of Table 5.1 and Fig. 5.12, the proposed controller considerably reduces
overshoot /undershoot levels and recovery times associated with output DC link
voltages compared with [8]. Also, these simulation results verify the effectiveness
of the proposed methods for automatic reference setting proposed in the previous
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Table 5.1: Comparison of the proposed method and [§]

Proposed:Dynamics | [8] | Proposed:Component Sizes

Minimum Input Voltage viy min (V) 290 290 290

Maximum Input Voltage viy max (V) 390 390 390

Output Voltage v, (V) 150 150 150

Switching Frequency fs (KHz) 100 100 100

Inductor L (pH) 300 300 300

DC-link Capacitor C; (uF) 20,20,10 20,20,10) 15,15,7.5

Output Capacitor Cy(uF’) 282 282 50
Reference Load Current i, p.qr (A) 3 3 3

Transfomer Turns Ratios ﬁ 1}% %
Maximum Output Voltage Error in Transient vgey oyt (V) 0.5 3 3
Output Voltage Recovery Time ¢, oy (ms) 4 15 15

section. It is worth mentioning that the last column of Table 5.1 corresponds to the
case in which the proposed controller achieves a system dynamical profile similar
to [8], using smaller-sized input and output DC-link capacitors. Therefore, the
proposed controller in this chapter enables using smaller sized components in the
system.

Table 5.2 makes a comparison between the proposed controller in this chapter
and several other methods in the literature, in terms of method features. As it
is observable, the proposed control system is modular due to using a distributed
control approach. Also, it can handle different converter topologies and does not
need to use converter model or parameters. Therefore, it can acheive appropriate
power sharing among the modules in the presence of parameter mismatches among
them. Finally, it does not use any extra components to achieve power sharing among
modules and therefore, reduces the cost and complexity of the system.
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Table 5.2: Comparison of the Proposed Method and Other Existing Methods From
Method Features Point of View

Modular | Topology-free | Converter Model Needed Cir“llit?{ocd‘zlrﬁpomnt Increased Cost
This Work Yes Yes No 0 No
[90] No Yes No 2 Yes
[95] Yes Yes No 3 Yes
8] No Yes No 0 No
[100] Yes No Yes 0 No

5.11 General Decentralized Control Framework for
Modular DC-DC Converters

Fig. 5.14 shows the schematic of a DC-DC converter module, denoted by module
j, which constitutes a part of a modular DC-DC conversion system composed of N
modules 0 <j<N+1. v;, ; and v, ; denote the input and output voltage of module j,
respectively. Similarly, 4;, ; and ¢,; denote the input and output currents of module
j, respectively. Finally, P, ; and P, ; denote the power level transferred by input and
output terminals of module j, and d; denotes the control input applied to module j.
This control input can be either duty ratio or phase shift, according to the converter
topology and switching modulation scheme used. The terminology used in this
section is provided below. The “input terminal” of module j in Fig. 5.14 is defined
as the converter terminal receiving power from the source i.e. F;,; > 0. Also, the
“output terminal” of module j in Fig. 5.14 is defined as the converter terminal
supplying power to the load i.e. P,; > 0. Based on the modular configuration used,
each of the input and output terminals of module j in Fig. 5.14 are either connected
in series or parallel. Taking the input terminal as an example, if the input terminal
of module j is connected in series with the input terminals of other modules, the
input current flowing through all the input terminals of different modules are equal
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Figure 5.14: Schematic of a DC/DC Converter Module (Module j) in a Modular
DC/DC Conversion System Composed of N Modules

i.e. iin; = tink , J7k, 0 <j < N+1,0 < k < N+1. Therefore, to share equal power
among the modules, the control system needs to operate such that v, ; = vVin i , 77K,
0<j<N+1,0<k< N+ 1. Similarly, in case parallel configuration is used for
modules at their input terminals, the control system needs to set i, ; = tinx , 17K,
0<j<N+10< k< N+ 1. Therefore, in this section, 4, ; and v;, ; are named
Input Terminal Control Sharing Variable INjSh, in case parallel and series
modular configurations are used in the input terminals of the modules, respectively.
The reference command set by the control system for this input terminal control
sharing variable is named Reference Input Terminal Variable INSE . Using an
exactly similar approach, Output Terminal Control Sharing Variable OUTJ.Sh
and Reference Output Terminal Variable OUTSY can be defined.

General Decentralized Control Law: In general control law, the control input
applied to module j, i.e. d;, is defined such that an increase in d; leads to an increase
in P,; in Fig. 5.14. Considering this in MODSAR, d; is obtained using (5.36), in
which f is a function of INSh and OUTSh such that df NS0 > (0 and % < 0.

J

a(ING"
d; :k:/ (fANS", OUTS™) — F(INE, OUTLL)) dt. (5.36)

This control law is applicable to all DC/DC modular configurations including
ISOP, TPOS, ISOS, and TPOP. The MODSAR controller realizes equal transferred
power sharing among all modules. It also regulates the total power transferred to
the load side at its reference value. INTef and OUTfff are the same for all modules
and the control law in (5.36) is simultaneously applied to all modules in the system,
to form a decentralized controller. In this decentralized control system, all modules
cooperate to share equal power and regulate the total output power transferred to
the load. In (5.36), k is the controller gain.

Remark 1: During system operation, the controller applied to module j must
closely monitor IN;S " to ensure appropriate power sharing is maintained among all
modules. This is important to prevent large overshoot/undershoot levels in voltages
and currents during system transient states. Selecting the f function in (5.36) as the
division operator can provide better power sharing with lower undershoot /overshoot
levels in transients and faster recovery times. Using the division operator, (1) is
implemented as:
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Sh
d; =k N IN’“ef dt 5.37
T ouTsh  outTsh ' (5:37)
J ref

The control law in (5. 37) produces a larger d(jg ) in response to power mismatch
d )

output power regulation error. ThlS is because the proposed general decentralized
controller manages power sharing and output power regulation in the numerator and
denominator of the fraction in (5.37), respectively. Once power sharing is precisely
maintained between modules during a transient period, the controller can achieve
most of its resources to achieve output power regulation faster. This is why the
division operator is preferred in MODSAR control law i.e. (5.37).

Remark 2: If the input terminals are connected in parallel, (5.36) may be imple-
mented using a multiplication function for f, to obtain enhanced system dynamics.
This way, the control law can be written as in (5.38).

d; =k / (IN$" x OUTS" — INE x OUTZR) dt. (5.38)

5.11.1 Concept of General Decentralized Control Method

In this part it is assumed that in a specific time instant during system operation,
INSh > INTef This means that excessive power is being absorbed by the input
termlnal of module j and to reduce the power level absorbed by the input terminal,
more power should be transferred to the output terminal. In other words, P, ; needs
to be increased. Based on the definition of d;, the control system needs to increase

d(ddtj) > 0. Now,

if it is assumed that at some time instant during controller operation, OUT}-% >

d;. Therefore, the time derivative of d; should be positive i.e.,

OUT,,ef , this means excessive power is transferred to the output side by module
j and to help fix this issue, P,; and consequently, d; should be reduced by the
controller. Therefore, d(jtj)

the f function in (5.36) satisfies

d(d )
f( ref’ OUTref)

< 0. Concluding these two scenarios and noting that

af . Sh Sh
d(INSh) > (0 and (OU—TSh) < 0, if f(IN] ,OUTj ) >

, (5.36) can be derived.

5.11.2 Example for General Decentralized Control

Fig. 5.15 shows a modular ISOP DC-DC converter system composed of N modules.
The modular structure shown in Fig. 5.15 is supposed to charge a battery. In Fig.
5.14, the following notations are used: Each module operates with a duty cycle of
d;, and has an input capacitor of Cj, input voltage of v¢;, input current of i;,;, and
output current of i,;, where 0 < i < N + 1. As the modules outputs are connected
in parallel, there is only one equivalent output capacitor C, with an output voltage
of v,. This capacitor is connected to an inductive filter of L,, which is in series
with a battery. The duty cycle applied to a module is defined such that an increase
in the associated duty cycle will increase the power transferred by the module. To
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Figure 5.15: (a) Schematic of Modular ISOP DC-DC Converters (b) Proposed MOD-
SAR Controller in Battery Charging Mode for i-th Module, 0 <7 < N + 1.

formulate the proposed MODSAR controller for the structure in Fig. 5.15, it should
be noted that IN}9 h — ve; and OUT}% = 1, , due to series and parallel connection
schemes in the input and output terminals. In this part, the reference values for
IN]S hand OUTS? are denoted by ve e and i, ref , respectively. Therefore, according

j
to (5.36) and (5.37), the MODSAR controller is formulated as 0 < j < N + 1:

Vcj Ve ref . . . .
d; =k - dt, ref — k o7 — lo,re kz oj = ‘loyref)-
! 1/ (ioj +c io,ref + C) feiref pl(Z ? o f) - ha /(Z ? ' 7(5]03)9)

In (5.39), iorer is set based on the reference total output power and the number
of modules N. The constant number c is used in fraction denominators of (5.39), to
prevent the denominator to change sign in case of battery discharging mode. The
integrator applied to the term (io; — iorer) in (5.39) sets ip; = G rer(0 < j < N +1)
for all modules. This realizes accurate output power regulation and output power

Vo VO ref

sharing for all modules. Next, the other integrator in (5.39) sets =

ioj+c Z'o,ref‘i'c
for module i. As i,; = 75,¢¢ is already set by the first integrator, ve; = veyrer
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Table 5.3: Comparison of the Proposed Controller and Other Existing Methods

Without Not Tradeoffs | Apolied Automatic
Control Method | Sensors No Inter-Mod. ParameterD entralized Toplogy Eli;ninat d S‘rrii‘tu/r s [Pavameter
S Module |Communication [Estimation < “IDependent; ° ruetures Update
g [SOP,IPOS,
This Work 2 v v v v v 1SOS.IPOP v
Linear Controllers
(117, 118, 119] 2 X v 4 v v ISOP 4
b 4
Common Duty Cycle | 2 b 4 v X v power sharingISOP IPOP X
[120, 80, 81, 82] vs. simplicity
b 4
Droop power sharing].
121, 7, 9 v v v v s, ISOP,IPOS b 4
[16, 122, 123, 124, 125] regulation
b 4
Master /Slave Control . [ISOPIPOP
[126, 127, 128, 129] | X v x v |dynamics vs. g p x
reliability
Nonlinear Control q r'ne’:mic%
[71, 130, 131], 2.3 v X v X Y o7 [IPOPIOP| v
(69, 132, 72] 7
robustness
Peak Current Control 9 X v X v v ISOP.ISOS X

[17, 133, 134]

is also achieved. By regulating ve; as ve; = veer and putting it in the fraction
numerator in (5.39), the proposed genral decentralized control approach minimizes
overshoot /undershoot levels in input DC link capacitor voltage of module j during

transients.

5.12 Comparison of Proposed General Decentral-
ized Controller with Other Methods

This section provides a comparison table, which compares the performance and char-
acteristics of the proposed general decentralized control method in this dissertation
with other exsiting methods. In this regard, table 5.3 provides detailed comparison
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between different control strategies based on different aspects. These aspects include
number of sensors per module, intermodular communications, parameter estimation,
controller structure in terms of whether it is decentralized, toplogy independency,
trade-offs, applied structures, and automatic parameter update. As it can be ob-
served from the table, the presented control approach uses 2 modules per sensor and
does not use intermodular communications. Also, the controller is decentralized,
does not use parameter estimation, and is topology independent. Finally, it facili-
tates automatic parameter update, eliminates trade-off, and is applicable to ISOP,
IPOS, ISOS, and IPOP structures. As it can be seen from the table, other control
methods lack at least two of these features. Therefore, the better performance of
the presented method over other existing approaches is validated.

5.13 Experimental Results

This section presents experimental results to validate the performance of the con-
trollerproposed for ISOS DC-DC converters. The experimental setup is composed
of two ISOS DAB converters with a total input voltage of 100V, a battery load of
25V, input DC-link capacitancesof 11uF, output DC link capacitances of 70uF, tank
inducatances of 25uH, and switching frequency of 70kHz. Fig. 5.16 shows the open
loop response of the system, when identical phase shift values are applied to both
DAB converters and the current charging the battery is 3A. As Fig. 5.16 illustrates,
parameter mismatches between the two modules has caused 8V steady-state input
DC link mismtach (power mismtach) between the modules in the open loop mode.

Fig. 5.17 shows closed-loop system response in steady-state, when the proposed
controller is applied to both converters. As this figure shows, despite parameter
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mismtaches between modules, both input DC-link voltages are 50V and there is
zero steady-state power mismatch between the converters. Also, the battery current
is 3A. Therefore, the controller has provided accurate reference tracking and power
sharing between modules.

Fig. 5.18 shows the closed-loop system response for reference output current
step from 3A to 1A. As this figure shows, the recovery time is 2.8ms and the con-
troller has provided accurate reference tracking. Also, input DC link voltage over-
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shoots/undershoots are 4V and there is zero mean steady state power mismatch
between the two modules before and after the load step.

Finally, Fig. 5.19 shows the closed-loop system response for reference output
current step from 1A to 3A. As this figure shows, the recovery time is 4.8ms and
the controller has provided accurate reference tracking. Also, input DC link voltage
overshoots/undershoots are 4V and there is zero mean steady state power mismatch
between the two modules before and after the load step.
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Chapter 6

Conclusion

6.1 Thesis Summary and Contributions

This thesis proposes novel controllers to improve the performances of single and
modular DC-DC converters in power management systems of data centers. The
power conversion system in data centers is investigated and divided into three power
conversion stages namely stage 1-3. The proposed control methods are aimed to im-
prove the performance indices of DC-DC converters in these three stages and solve
the challenges associated to each conversion stage. These challenges include data
center CPU speed limitations due to limited POL-connected converter dynamics in
repetitive stochastic load steps, large voltage drops or overshoots in intermediate
conversion stage due to large load steps, power sharing requirements, stability is-
sues, etc. The targeted improvements include various steady-state and transient
performance indices, such as load transient responses, overshoots/undershoots and
recovery times, power sharing among modules, and finally output voltage/current
regulation, in single and modular DC-DC converters. The main contributions of this
thesis are summarized below:

(i) A controller is proposed based on Identical States Dynamics Control, to im-
prove the load transient responses of DC-DC converters in stage 3 converters of data
centers. This controller solves the challenge of limited CPU speed in data centers
due to limited converter dynamical speed in repetitive stochastic load steps. The
proposed controller can achieve load transient responses with recovery times of less
than one switching cycle and low overshoot /undershoot levels. From the discussions
in chapter 1, it can be concluded that the compromises between control objectives,
controller stability, and the possibility to design the controller systematically, are
among the most important concerns in designing a controller to achieve optimum
load transient responses. To address these concerns, this dissertation proposes a de-
sign methodology and a new controller, which is specifically constructed to provide
optimum load transient responses for DC-DC converters dealing with small load
steps. This controller is developed for two different operation modes: Continuous
Conduction Mode (CCM), and Discontinuous Condition mode (DCM). It is shown
that the load transient responses are negligible in CCM, and fast transient responses
with small overshoots/undershoots are observed in DCM. Unlike some of the existing
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methods, the proposed controller does not require any additional auxiliary compo-
nents, which reduces the total cost of the converter. Using the proposed controller,
there is no steady-state error in the converter’s output voltage and the voltage rip-
ple levels always remain in the desired range. Also, the proposed controller has a
simple structure and is robust against various uncertainties in the converter and it
is shown that the values for voltage recovery time and overshoot/undershoot lev-
els are optimal. Moreover, a systematic approach is proposed for controller design,
that provides closed-form and optimal solutions. The proposed controller design
procedures are applicable and can be extended to different types of converters, con-
sidering the stability and parameter variations. In this dissertation, performance of
the proposed controller is validated by simulations and experiments.

(ii) To improve the load transient responses of DC-DC converter in large load
steps in stage 2 converters of data centers, a controller is proposed based on the
proposed principle of decoupling converter dynamics from the load. THis contoller
solves the challenge of large output voltage drops and overshoots in intermediate
stage due to large load steps inherited from the load-connected stage. The pro-
posed controller can achieve DC-DC converters with less energy storage require-
ments. Also, it improves the load transient responses of DC-DC converters without
requiring to use auxiliary circuits, resulting in a simpler system structure with a
higher efficiency level. In fact, to overcome the problems mentioned in chapter 1,
this dissertation proposes an alternative controller to optimize load transient re-
sponses of buck converters in large load steps. This controller decouples system
dynamics from load resistance values. Hence, the performance of the proposed con-
troller is not get degraded under large load steps. In addition, the controller reduces
the total amount of energy stored in the converter to achieve lower converter sizes.
In this dissertation, the controller’s analysis and derivation are provided and the
controller’s performance is verified by simulation and experimental results.

(iii) A controller is proposed based on the Non-linear Function Error Tracking
control, to improve the performances of IPOS/ISOP modular DC-DC converters
in stage 1 converters of data centers. The proposed controller can improve the
load transient responses of modular DC-DC converters, while improving the power
sharing among the modules. Also, the proposed method can provide accurate volt-
age/current regulations and is applicable to all DC-DC converter topologies. It
should be mentioned that the accurate performance of the controller is not affected
by significant parameter mismatches among the modules and parameter uncertain-
ties. The proposed controller improves the system dynamics in terms of both DC-link
voltages of different modules and the output voltage, during load steps. This con-
troller can operate for both resistive and battery loads and is capable of controlling
the converter in both positive and negative load currents. The controller improves
the system dynamics in wide load range applications and in transitions from the
battery charging mode to the discharging mode or vice-versa. The controller per-
formance and effectiveness is validated by simulation and experimental results. The
experimental results present controlelr performance for two cases of two and three
ISOP or TIPOS DAB converters.

(iv) The proposed distributed control system for ISOP and IPOS DC-DC convert-
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ers is generalized and applied to Input-Series Output-Series (ISOS) DC-DC convert-
ers in chapter 5. This modified control system solves stability challenges for ISOS
converters as discussed in chapter 5. Moreover, a general analysis framework is pro-
posed to systematically analyze system dynamics and stability in DC-DC converters.
The performance of the proposed controller is compared with other methods in the
literature and validated by simulation and experimental results.

(v) The accurate performances of the proposed controllers in this thesis are shown
using experimental and simulation results. Also, stability analysis is performed for
all the controllers and the performances of these controllers are compared with the
existing ones in the literature. Finally, the process of controller design to reach
controller objectives such as bandwidth and phase margin are discussed for the
presented controllers.

6.2 Suggested Areas for Future Research

This section presents some areas in which the current research can be developed
further.

(i) As the control concept proposed in chapter 4 is general, it can be applied to
other converter types and modular configurations. A sample generalization process is
presented in chapter 5 for ISOS DC-DC converters. One of the possible areas towards
which this research can be continued in to extend the control system introduced in
chapter 4 to other conversion systems. Example include Input-Parallel Output-
Parallel (IPOP) DC-DC converters and inverters.

(ii) The concept of decoupling converter dynamics from the load was introduced
in chapter 1 and 3 for a single DC-DC converter. This method can be extended to
modular DC-DC converters. Such extension will enable better system dynamics and
power sharing for modular DC-DC converters, especially in large load steps.

(iii) If a centralized control system is used to control modular DC-DC converters,
the concept of identical states dynamics control introduced in this thesis can be
applied to the system. This will regulate all DC-link capacitor voltages at their
reference values using same dynamical properties, resulting in better transient ans
steady-state power sharing aming modules.

(iv) The application of the proposed control system for modular DC-DC con-
verters in data centers can be studied in other applicatons such as HVDC systems,
electric vehicles, etc.
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