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Design of a Real-Time Digital Simulator for a
D-STATCOM System

Venkata Dinavahi, Member, IEEE, Reza Iravani, Fellow, IEEE, and Richard Bonert, Member, IEEE

Abstract—Real-time digital simulation of power electronic
systems requires significant computational resources due to in-
creasingly complex system configurations, control algorithms,
and higher switching frequency. Consequently, it is prudent to
exploit various computer resources for optimizing the design of
simulators/controllers for such systems. This paper presents the
design and implementation details of a real-time digital simu-
lator for a Voltage-Source-Converter-based Distribution STATic
COMpensator (D-STATCOM) power system. The design process
adopts a modular approach utilizing distributed digital signal
processor/field-programmable gate array resources of a digital
processing platform. The design has been validated by using an
experimental setup of a 5-kVA D-STATCOM system.

Index Terms—Digital control, digital signal processor (DSP),
field-programmable gate array (FPGA), power electronics,
real-time simulation.

1. INTRODUCTION

OWER SYSTEMS are constantly evolving to include new

technologies for controlling the flow of power using power
electronics and for improving the reliability of networks using
advanced protection strategies. Real-time simulation provides a
solid framework to test the new control/protection concepts so
as to detect, analyze, and correct any potential problems before
commissioning. Recently, there has been significant research ef-
fort in this area [1]-[6]. The objective of the real-time simulator
design presented in this paper is twofold: first, to prove the via-
bility of accurate and efficientalgorithms for the real-time simu-
lation of power electronic systems, and second, to verify digital
control systems designed for such'systems before they can be
applied to physical systems.

Real-time digital. simulation of power electronic systems
is a heavily computer intensive operation owing to their size,
modeling complexity, and higher frequency of switching.
Implementation of<complexsimulation algorithms, control
algorithms, signal processing such as filtering and data conver-
sion, communication with the external system as well as with
the user interface, diagnostic and protective functions require a
vast amount of both concentrated as well as distributed compu-
tational resources. Among a host of available digital processors
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for designing highly efficient, low-cost, stand-alone real-time
digital simulators [7]-[10] and controllers, two processors that
are gaining popularity are digital signal processors (DSPs) and
field-programmable gate arrays (FPGAs).

Since the early 1990s there has been rapid progress in DSP
technology with regard to their processing power, internal
memory, communication capabilities, power management, and
software programming tools. Currently, there are several manu-
facturers that offer diverse DSP architectures to help developers
choose the device that best suits their applications. The main
advantage of using DSPs lies in their software implementation
which makes the design flexible, extensible, and easy to use.

FPGAs were first introduced in the mid 1980s. Since then
there has been a steady advance in their performance and den-
sity and their cost has progressively gone down, enabling them
to compete with other digital processors on the market. Most
FPGAs are organized as: an array of basic logic elements and
programmable interconnections between the logic elements,
memory, and I/O pins. The configuration of an FPGA is carried
out by downloading a bit stream into a Static RAM (SRAM)
memory inside the FPGA which defines the functions of each
logic element and the interconnections between them. Due to
the inherent parallelism a FPGA provides superior performance
compared to a microprocessor or a DSP. However, a design
involving FPGAs usually lacks the flexibility that comes with a
software implementation.

This paper describes the design and implementation of a
real-time digital simulator based on an integrated DSP/FPGA
platform. The study system is a Voltage-Source-Con-
verter (VSC)-based Distribution STATic COMpensator
(D-STATCOM) power system. The same digital processing
platform was utilized to develop a real-time controller for an
experimental 5-kVA D-STATCOM system.

The paper is organized as follows. Section II gives an
overview of the main hardware and software features of the
digital signal processing platform. Section III describes the
design and implementation details of a real-time simulator and
controller. Section IV describes the experimental setup used to
validate the real-time simulation. Results and discussions are
given in Section V followed by the conclusion in Section VI.

II. DSP/FPGA DIGITAL PROCESSING PLATFORM FEATURES

The structure of the digital signal processing platform which
is referred to as UHP40 is shown in Fig. 1. The main hardware
components of the platform include a 32-bit floating point TI
C40 DSP, a FLEX8000 FPGA from ALTERA, Communication
ports, and memory. The FPGA shares the global address and
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Fig. 1. Functional block diagram of the UHP40 digital processing platform.

data space of the DSP. A global bus interface has to be pro-
grammed in the FPGA for communication with the DSP. The
platform also consists of a Motorola CPU MC68030 and a VME
bus interface, however, this feature was not used in the design
of the real-time simulator.

The software requirements for the UHP40 include: 1) a user
program; 2) DSP Kernel program; 3) DSP Monitor program.
The user program and the DSP Kernel program run on the
DSP while the Monitor program runs on the PC. The user
program consists of two C functions, user_function ()
and user_init (). The user_fuaction () contains the
main simulation/control code that the user wants to run in
real time. During initialization the Kernel program calls the
user_init () function which contains the initialization vari-
ables and a pointer to the user_function (). The Monitor
program running on the PC emulates a real-time oscilloscope.
With its help the user cannot only display the signals internal
to the DSP but also change the parameéters of the system online
while the real-time simulation/control is in progress.

III. DESIGN OF THE REAL-TIME DIGITAL SIMULATOR

The real-time digital simulator has been designed to sim-
ulate a six-pulse pulsewidth-modulated (PWM) VSC-based
D-STATCOM power system utilizing the UHP40 platform as
the principal computational engine. In this section, an overview
of the entire design is first presented. Thereafter, the hard-

ware and software features of the design are systematically
described.

A. Overall Design

The design of a real-time digital simulator for the
D-STATCOM system comprises of four major modules:
1) System Simulator module; 2) Digital Controller module; 3)
PWM module; and 4) Switching Event Capture (SEC) module.
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The System Simulator module is where the mathematical equa-
tions describing the system are solved in real time at a fixed
time step At. The Digital Controller implements the control
algorithm at a fixed sampling period 7. The PWM module
generates the firing signals for the power electronic converter
and the SEC module captures the timing of those signals and
sends them to the simulator.

The design, shown in Fig. 2, is comprised of one UHP40 plat-
form monitored by one User Interface. The Simulator and the
Controller modules are configured in the DSP while the PWM
and SEC modules are assigned to the FPGA. There are two main
data transfer interfaces: one internal to the DSP, which trans-
fers the system state samples to‘the Controller, and the other in-
ternal to the FPGA, which transfers firing signals from the PWM
module to the SEC module. The bidirectional data exchange be-
tween the DSP and the FPGA is managed by the Global Bus
Interface in the FPGA.

B. Digital Hardware Design for the FPGA

The design proceeds-in a hierarchy with the main design file
consisting of the three subdesigns for: 1) Global Bus Interface;
2) Pulsewidth Modulator (PWM); and 3) SEC.

1) Global Bus Interface: The primary function of this
module (Fig. 3) is to arbitrate bidirectional data transfer be-
tween the DSP and the FPGA. In addition to the communication
signals it provides At and 7 signals to the PWM and SEC
modules to synchronize their respective operations.

For data transfer from the Controller module in the DSP to the
PWM module in the FPGA, the control values are first clocked
into a set of 16-bit registers whenever the DSP finishes its cal-
culation cycle. A second set of registers takes the control values
from the first set at the beginning of each sampling period T5.
This operation involves a delay of one 7’s which constitutes the
controller dead time and ensures proper transfer of the control
values.

The data transfer from the SEC module in the FPGA to the
Simulator module in the DSP utilizes a tri-state buffer where
the gating signals and their timing are stored before being trans-
ferred to the DSP at the beginning of each time step At. A
watchdog macro function makes sure that the control values
coming in from the DSP are refreshed every T5.

2) Pulsewidth Modulator: Sinusoidal PWM has been im-
plemented in this subdesign (Fig. 4). A modified triangular car-
rier waveform synchronized with the controller sampling period
T is compared with the control value sent from the Controller
module in the DSP. The carrier wave is represented by a 16-bit
counter value.

At the beginning of every T the counter is preloaded with
a positive/negative limit. The counter starts counting down/up
till the opposite limit is reached when it holds the count for 4
us. The hold operation creates a flat top on the carrier wave
and determines the minimum pulse width of the resulting gating
signal. At the next sampling instant 7 an opposite limit is pre-
loaded and the counter counts in the other direction till the limit
is reached when it again holds for 4 us. The counter limit u is
initialized in the DSP program and is given as follows:

u="T;* fclock/4 (D
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where Ts = 1/fsw and feock = 20 MHz. The gating pulses
are stored in an output buffer in the Global Bus Interface and
transferred to the Simulator module at the beginning of every
At. The output pins of the FPGA are accessible for the user to
examine the firing signals using an oscilloscope.

3) SEC: The purpose of this module is to put a time stamp
on the firing pulses coming from the Modulator. It registers the
location of the firing pulses with respect to the beginning of
every sampling instant 7. The capture mechanism simply con-
sists of an edge detection circuit and a 16-bit counter as shown in

Fig. 5. Switching event capture.

Fig. 5. The resolution of the counter is 50 ns/count. Every rising
edge of the At signal the counter is reset and starts counting
up. When a switching event is detected by the edge detector,
the £1lag is set and a hold signal is sent to the counter. The
counter value and the £1ag are held in an output buffer in the
Global Bus Interface until the end of the time period At. They
are sent to the Simulator module in the DSP at the beginning
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Fig. 6. Real-time program structure.

of the next simulation time step. Based on the state of the firing
pulses from the PWM module, the counter value and the £1ag,
the simulator can precisely determine the occurrence and loca-
tion of any event in the previous time step.

C. Software Design for the C40 DSP

The software program for the real-time simulation and
control of the D-STATCOM system consists of two func-
tions user_function and user_init written in C. During
compilation this program is linked with the Kernel program
to produce an executable code which is then downloaded to
the DSP. The user_function consists of twO main parts:
1) System Simulator module and 2) Controller module. The
real-time program structure is shown in Fig. 6. The System
Simulator code is executed as an interrupt service routine on
the DSP at every time step At while the Controller code is
executed once every sampling period 7. The simulation can
run indefinitely on the DSP once it is initialized. The user has
full control of all the parameters of the simulation and can view
the simulation variablesising the Monitor program on the PC.
The user_init function is used to initialize the real-time sim-
ulation on the DSP. It defines the initial values of all the system
and control variables, fixed parameters of simulation, time
step At, sampling period 75, and PWM information. It also
defines FPGA address space, SRAM address where the control
values are sent to-an address from where the gating information
can be acquired. Computations involving fixed parameters of
the simulation, for example, the admittance matrix of a linear
network, may also be defined in user_init to optimize the
user_function. In addition, one period of a fundamental
sinusoidal function is calculated and stored in a lookup table
which may be used as an ac source in the simulation.

1) System Simulator: As shown in Fig. 6 at the beginning
of every time step At the code for this module performs the
following three functions in the given sequence: (A) acquires
PWM gating information from the FPGA, (B) decides the status
of the six switches in the VSC model, and (C) solves the net-
work equations. The gating information communicated to this
module from the FPGA via the Global Bus Interface comprises
of the gates Gi.(k = 1,2, 3), the £1ag and the time Ah of any
gate transition that occurred in the previous time step At¢. The
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insulated gate bipolar transistor (IGBT) switches in the VSC are
modeled as ideal switches. The VSC model is based on discrete
switching functions S (t).

vEN (8) = Sk(t) * vac(t), k=a,b,c )

where S (t) = 1if G, = high and S, (¢) = 0if Gy, = low, G,
are the gating signals. The R—L network on the ac side of the
converter is represented by three differential equations
diy, )
L% + Rip(t) = vi(t) — ex(t), k=a,b,c. (3)

The dc-side equations are

dvge .
—C% = iac(t) +i1(t) (4)

iae(t) =Y Sk(t)xik(t),  k=abe ()
k

The network components are assumed to be linear and the net-
work solution utilizes the Fixed step size with Interpolation and
Clock Synchronization (FICS) algorithm [11] shown in Fig. 7
to correct the system state depending on whether a switching
event has been detected in the previous calculation step. The
FICS algorithm uses linear interpolation for the state correction
procedure. Based on the status of the £1ag, at the beginning of
every time step the simulator performs either the Normal Op-
eration (if £1ag is low) or the Post-Event Operation (if £1lag
is high). The trapezoidal numerical method and nodal analysis
are used to produce a set of linear algebraic equations which are
then solved for the system state at each time step.
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Once the System Simulator module finishes its calculation
the system signals are transferred to the Controller module at
the beginning of every 7.

2) Controller: On receiving the system signals the Con-
troller Module executes the digital control algorithm and
transfers sinusoidally modulated control values to the PWM
Module in the FPGA. The control algorithm proceeds by trans-
forming the system signals into a synchronous d—gq reference
frame and then using PI compensator’s to individually regulate
the converter ac-side currents and the dc-link veltage. The
system model in the d—q frame'can be expressed as

dig R . 1

i —fzd—l—wzq—}— Z(vd—ed) (6)

di R, :

d_tq = —7 g~ wia + (v4=eq) 7
dvdc _ _§ (vdid A ’quq) . (8)

dt o 2 Cvdc

where ey and e, are the d and ¢ components of the ac-bus volt-
— —

ages € (eq = |'€}] and e, = 0) and vg4 and v, are the compo-

nents of the converter output voltages expressed as

Vg = 0.5M40qc COS O )

Vg = 0.5mqugcsin 6 (10)

\/ (€3 +€2)/(0.5 % vg.) is the Modulation Index
and § = arctan(e,/eq) is the phase angle between the fun-
damental component of the converter output voltage and the
ac-bus voltage. A decoupled control [12] of 74 and 4, is per-
formed using the proportional plus integral (PI) compensators
of the form G;(s) = (K;(1 + sT;))/(sT;) for each of the cur-
rent loops. The dc capacitor voltage is regulated using a PI con-
troller in an outer feedback loop. The reactive current refer-
ence may be derived from the reactive power requirement of

where m, =

igc
G3
o
+
C== vge
Ve —

G1-G6

Control
Values

| Modulator
-~ V| ALTERAFPGA

&

the converter while the real current reference is obtained from
the output of the outer feedback control loop that regulates vqc.
Based on7m,, 0, vq. and the reference ac voltage vector e three
sinusoidally modulated control values are generated and are sent
to the PWM module in the FPGA.

IV. EXPERIMENTAL SETUP FOR THE D-STATCOM SYSTEM

A laboratory prototype of a 5-kVA D-STATCOM system was
built to verify the real-time simulation results. Fig. 8 shows the
experimental setup. The system parameters are given as follows:

e three-phase supply E; = 110 Vy;, 60 Hz;

* three-phase transformer Y/Y, 10 kVA, 115V, 60 Hz,

XT = 3.06%,RT = 2.71%;

e R=10.59Q,L=3.0mH, C = 4900 uF;

* VSC composed of a six-pack 1200-V 50-A IGBT module.
The UHP40 platform described in Section II was used to im-
plement the experimental digital controller. The control algo-
rithm was executed on the C40 DSP while the PWM was im-
plemented on the FPGA. Data acquisition of five system sig-
nals (three voltages and two currents) is done by dedicated A/D
boards connected to the Comports on the UHP40. The user has
full control of the system using the Monitor program running on
the PC. The FPGA hardware design used for the experimental
setup consists of three subdesigns: 1) Global Bus Interface; 2)
Pulsewidth Modulator; and 3) Dead Time Insertion Module.

The Global Bus Interface is the same as the one in Fig. 3
with the exception that now the data transfer is the unidirectional
flow of control values from the DSP to the FPGA, resulting in
a simpler design. The PWM is identical to the one used for the
real-time simulator. The Dead Time Insertion module inserts a
2-ps dead time Ty between the gating signals of the upper and
lower switches of each converter leg in order to prevent a short
circuit of the dc bus. During the dead time both switches are in
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the off position. The counter limit « for the Modulator 1s altered
to include the dead time 7, and is initialized in the DSP program
as

(TS — 2% Td) * fclock
1 .

U =

Y

The software program executed on the DSP to control the
D-STATCOM' system implements<the control principle de-
scribed in.Section III-C.2. The program includes some extra
code for signal acquisition using the A/D converters and
for digital low-pass filtering. The PWM carrier frequency
fsw = 1/T is 1 kHz and the controller sampling period
Ts(= 2 * Tyy) is 500 ps. The gating signals coming out from
the FPGA are shifted to a higher voltage level to make them
compatible with the gate drive circuit of the IGBT module.
The FPGA design has a built-in protection feature to disable
the gating pattern generation in case of any maloperation. The
Monitor program on the PC allows a full two-way communica-
tion with the system.

V. RESULTS AND DISCUSSION

This section presents results obtained from the experimental
(physical) setup and the real-time simulator setup of the
D-STATCOM system. Open-loop and closed-loop control tests
were conducted under similar operating conditions for both
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setups. The parameters of the system used in the simulation
were measured from the experimental setup. A 100-us time
step was chosen for the real-time simulation. This choice was
based on the complexities of the simulation algorithm, the
system equations, and the performance of the C40 DSP.

Figs. 9—-11 show the open-loop ac line current, line-to-line
voltage, and line-to-neutral voltage, respectively, of the VSC
under steady-state operation. These figures illustrate the close
agreement of the results obtained from the real-time simulation
and the experimental setup.

Under closed-loop control conditions step response of the
14 controller under real-time simulation [Fig. 12(a) and (b)]
and experimental conditions [Fig. 12(c) and (d)] was obtained.
The performance of the closed loop controller was first tested
by offline simulation. The tuned PI controller parameters were
then employed in the real-time simulation and the experimental
setup. The closed-loop results demonstrate adequate tracking
and stability in both sets of results. Finally, an offline time do-
main simulations using the fixed step-size method with a small
time step (10 ps) were conducted and the results were found to
be in good agreement with the above results providing a high
level of confidence in the real-time simulation. The factors that
account for differences in the measured and simulated results
are as follows.

1) Converter switches in the offline simulation program as
well as the real-time simulation were treated as ideal
switches and switches in the same converter leg were
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(c), (d) Experiment.

turned on/off simultaneously ignoring the PWM dead
time. However, in the experimental setup a 2-us dead

1007

time was programmed in the FPGA not to short circuit
the dc bus. Inclusion of this effect in the real-time sim-
ulation would have necessitated a far smaller time step
than 100 us, thus preventing real-time operation.

2) Asynchronous PWM, i.e., ms = fq/f1 is a noninteger,
is used for the experimental setup. To implement syn-
chronous PWM the switching frequency f., must be
made variable as the line frequency f1 changes to keep
the ratio m s an exact integer. Since fs is synchronized
to the controller sampling period 7 that would mean
changing T online. However, changing 7 was not
feasible due to a fixed sampling period which needs to
be specified during the DSP initialization. Although the
PWM implemented for the real-time simulator was also
asynchronous the sources were considered ideal and fre-
quency was fixed at 60 Hz, whereas in the experimental
setup the line'frequency had constant variations of small
amounts which have effects on the results.

3) Unbalance in the system voltages, parameters, and stray
inductances-and capacitances also contribute to a little
offset in the experimental results.

4)~In the experiment R’s and L’s are frequency dependent
due to skin effect and iron losses in inductors. However,
these effects were not included in the simulation.

A. Execution/Time

Two functions defined in the Kernel program enable the con-
trol of status of a specific bit in the Output Register located in
Memory Bank 1. The execution time of any module code de-
fined in the user_interrupt function can be measured by set-
ting the bit at the beginning of the code and resetting it at the
end of the code. The time taken by the C40 DSP to execute each
of the modules described in Section III.A was measured in this
manner. Out of a time step of 100 us, 84 us was used for sim-
ulating the D-STATCOM system and 16 ps overhead was used
for tasks such as initializing the DSP kernel (4 ps) and man-
aging data acquisition and display of up to three signals (12 us)
on the PC. The simulation time comprises of 36 us used by the
Simulator module and 48 us used by the Controller module.
In the Simulator module the Normal mode of operation (fixed
step size) took 16 s to execute while the Post-Event mode took
26 us. The FPGA operated at a clock frequency of 20 MHz. The
PWM and the SEC in the FPGA are carried out in parallel with
the simulation in the DSP. In comparison to the simulation time
on the DSP, the FPGA execution times were negligibly small.

VI. CONCLUSION

This paper presented the design and implementation details
of a real-time digital simulator and controller for a PWM
VSC-based D-STATCOM power system. The design follows a
modular approach based on an integrated DSP-FPGA platform,
thereby combining the flexibility and processing power of both
the software and hardware features of the platform. Experi-
mental tests on a 5-kVA D-STATCOM power system validate
the real-time simulator results.
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