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Abstract 

Matrix converters (MC) have attracted more attention recently in high-power 

applications. Matrix converters can perform direct AC to AC electrical power 

conversion without DC-link capacitors, which reduce the size of the converter. 

Matrix rectifiers (MR) inherit all the advantages of traditional matrix converters 

and are promising in AC-DC applications such as telecommunication systems, 

front-end power converters for high-voltage direct current (HVDC), and aircraft 

systems.  

In this thesis, a novel ZVS operation method for a three-phase isolated matrix- 

type rectifier is proposed. The presented pulse width modulation (PWM) scheme 

realized ZVS for all twelve MOSFET devices. The ZVS operation of MOSFET 

switches is analyzed and operating states during switch transitions is discussed. The 

operation principle of the converter is addressed. The comparison between the 

proposed PWM and existing 8-segment PWM and 6-segment PWM is presented to 

show the differences. The effectiveness of ZVS operation of the proposed PWM 

scheme is verified by both simulation and experimental results.   
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Chapter 1  

Introduction 

Matrix converters (MC) have attracted more attention recently in high-power 

applications. Much of the research related to matrix converters focuses on new 

topologies, modulation and control strategies, and commutation and stability 

analysis. Matrix rectifiers (MR) inherit all the advantages of traditional matrix 

converter. The isolated matrix rectifier is attractive in high-power high-frequency 

industry applications. The soft-switching technique can significantly decrease or 

totally remove the severe switching loss caused by high switching frequency. 

In this introductory chapter, an overview of the matrix converter and matrix 

rectifier is presented. Secondly, commonly practiced modulation strategies are 

discussed, especially the space vector modulation (SVM) strategy for the three-

phase isolated matrix rectifier. Then, the zero-voltage switching (ZVS) technique 

is introduced. Finally, this chapter presents the scope and outline of this thesis.  

1.1 Matrix Converter 

Matrix converters can perform direct AC to AC electrical power conversion 

without dc-link capacitors. The conventional matrix converter is a direct three-

phase to three-phase AC-AC converter, which consists of nine bidirectional 

voltage-blocking current-conducting matrix switches to provide bidirectional 

power flow between grid and ac loads. This is so that any input phases can be 

connected to any output phases at any time, as shown in Figure 1.1. The matrix 

converter requires switches that have the capacity for conducting and blocking 

function to the voltage and current in both directions. In practice, because no 

bidirectional switches are available as yet, the most commonly used bidirectional 

switches are composed of two reverse connected IGBT/MOSFET devices. This 

bidirectional structure has a lower voltage drop and lower conduction loss 
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compared with other bidirectional configurations. Compared with traditional 

AC/AC converters, the matrix converter has many attractive features. Firstly, it 

does not have the large capacitor for DC link and energy storage which is bulky, 

heavy, and susceptible to failure. The bidirectional power flow between grid and ac 

loads is provided by a set of bidirectional switches. All loads can operate in the full 

four quadrants. The power factor is controllable, and enables the unity power factor. 

The amplitude and frequency of output voltage is adjustable. The input and output 

current and voltage are sinusoidal, and have lower total harmonic distortion (THD). 

With these features, the matrix converter has promising applications in industry, 

like for the motor drive system, power supply, wind system, and power quality 

control, etc.  

The topology of the matrix converter was first proposed in the 1970s [1]. In 1976, 

the study in [2] introduced this topology in detail, and this book is regarded as the 

start of the matrix converter theory. However, at that time, the power switches used 

gate turn-off thyristors (GTO), which featured low switching frequency, low 

reliability, and was bulky and heavy; as a result, it did not attract wide attention. In 

1980, the name and concept of the matrix converter was again presented by 

Venturini and Alesina [3]. They provided the mathematical background and 

introduced the term “matrix converter”, and described how the low-frequency 

behaviours of the voltages and currents are generated at the load and source. At the 

same time, the basic matrix converter modulation strategy/direct transfer function 

modulation method was proposed [3], giving new momentum to research in this 

area. In the next several decades, much of the research on matrix converters has 

been dedicated to development of different topologies [20-24], modulation and 

control strategies [4-19], commutation, and stability analysis, etc. 
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B

a b c

A

C

 
Figure 1.1 Topology of traditional matrix converter. 

1.2 Matrix Rectifier 

The matrix rectifier (MR) is derived from the conventional matrix converter. 

Compared with traditional three-phase rectifiers, the matrix rectifier has no energy 

storage elements, so that it features a simple and compact structure. The utilization 

of bidirectional power transistors enables bidirectional power flow, and produces a 

dramatic simplification of the circuits. The traditional rectifier features low 

switching frequency as a result of poor controllability of thyristors, which causes 

more serious harmonic pollution to the power grid. 

The matrix rectifier has two main topologies: the non-isolated matrix rectifier 

[25-31] and the isolated matrix rectifier [14], [32-43], [48]. The non-isolated matrix 

rectifier employs a reduced AC/AC matrix converter as an AC-DC converter, which 

is achieved by setting the output frequency to zero, leaving one output phase 

unconnected, and allowing a dc load to be connected across the connected two 

phases. Compared with the isolated matrix rectifier, it removes the transformer so 

that there is no leakage inductance. The application is mostly for bidirectional 

battery chargers in the electrical vehicle (EV) industry, aircraft systems, and 

vehicle-to-grid (V2G) systems. The isolated matrix rectifier consists of an input 

filter, three-phase to single-phase matrix converter, high-frequency transformer to 

provide isolation between source and load, full bridge rectifier, and output filter. By 

changing the turns ratio of the transformer, the desired output voltage can be 

obtained. Because improved power density and higher power frequency is desirable 

in applications where isolation is required (for example, telecommunications 

systems), the isolated matrix-type rectifiers are most favourable.  
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In this thesis, the isolated matrix rectifier is selected. The transformer leakage 

inductance in the isolated matrix rectifier is utilized to achieve ZVS operation of 

the converter. 

The isolated matrix-type rectifiers can be classified into four major categories 

[44, Figure 1]: 

(a) Quasi single-stage buck-derived bridge (indirect) matrix rectifiers, as shown 

in Figure 1.2 (a); 

(b) Single-stage buck-derived (direct) matrix rectifiers, as shown in Figure 1.2 (b); 

(c) Quasi single-stage boost-derived bridge (indirect) matrix rectifiers, as shown 

in Figure 1.2 (c); 

(d) Single-stage boost-derived (direct) matrix rectifiers, as shown in Figure 1.2 

(d). 

Co Co

 

(a)                                                          (b) 

Co Co

 

(c)                                                          (d) 

Figure 1.2 Basic structures of isolated matrix rectifier systems: (a) indirect buck-type 

matrix rectifier, (b) direct buck-type matrix rectifier, (c) indirect boost-type matrix 

rectifier, (d) direct boost-type matrix rectifier. 

For buck-derived matrix rectifier systems (Figure 1.2(a) and (b)), the current on 

the primary side is impressed by the output inductance. For the boost-derived 

matrix rectifier systems (Figure 1.2 (c) and (d)), the voltage for controlling the main 

circuit current is impressed by the output capacitor.  
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In this thesis, the buck-derived matrix rectifier [32-36] (Figure 1.2 (b)) is 

adopted, which is suitable for typical telecommunication and HVDC (380V-400V) 

applications where the output is usually connected to a battery with large voltage 

fluctuations [45], the input line voltage is high, and the variable output DC voltage 

is a necessary.  

In Figure 1.2 (b), the single-stage power conversion can directly convert the 

mains-frequency ac voltage into a high-frequency ac voltage, and then connected 

with a high-frequency isolation transformer, whose secondary side voltage is 

rectified to the desired dc output voltage, with the direct matrix-type rectifier.  

The bidirectional switches of the matrix rectifier that are normally used to realize 

are insulated-gate bipolar transistors (IGBTs) [27], [32-33], [37-40] and metal-

oxide-semiconductor field-effect transistors (MOSFETs) [14], [31], [34-35], [43], 

[47]. Comparing between the two power transistors, IGBT is a slower device, to 

the extent that it cannot operate at higher switching frequency. The maximum 

operating frequency of IGBT is 20 kHz, while the maximum operating frequency 

of MOSFET is 200 kHz. Furthermore, IGBT has greater conduction loss for 

medium power.  

For high-power density applications, higher switching frequency is desirable. 

However, the increase of switching frequency will increase switching loss so that 

it reduces efficiency. The switching loss can be reduced or ideally eliminated if the 

zero-voltage-switching (ZVS) technique can be applied in the matrix rectifier 

circuit [14], [35], [37-38], [43], [48-53]. The power circuit capable of ZVS 

operation is proposed in [34] and [35] as shown in Figure 1.3, which is derived 

from the topology described in [32] and [33]. The ZVS operation can be realized 

by utilizing the parasitic capacitances of the switching devices and the transformer 

leakage inductance. In addition, the MOSFET parasitic body diodes can be utilized 

during the ZVS implementation process, instead of additional fast recovery diodes, 

which makes the ZVS operation cost-effective. 
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Figure 1.3 Topology of isolated matrix rectifier. 

1.3 Modulation Methods 

For the matrix converters, one of the most challenging problems is modulation 

methods, which can be considered the basis of designing a matrix converter. Years 

of continuous effort on matrix converters have been dedicated to the development 

of different modulation and control methods. The basic idea of a modulation 

strategy for the matrix converter is to use the input voltage to synthesize output 

voltage, while using the output current to synthesize the input current. When 

Venturini first proposed the matrix converter concept [3], he also proposed the 

direct transfer function modulation method. According to different synthesis 

methods, there are several major modulation methods, including switching function 

modulation strategy [54-56], space vector modulation (SVM) strategy [57-63], 

carrier-based modulation strategy [4], [64-70], two-phase switching modulation 

strategy [71-75], direct torque control [76-80], and predictive control [81-88], as 

shown in Figure 1.4. Many other modulation methods can be derived from these 

main schemes. 
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Matrix rectifier modulation methods

Switching function modulation strategy

Pulse width modulation (PWM) strategy

Space vector modulation (SVM) 

Carrier-based modulation strategy

Two-phase switching modulation 

Direct torque control

Predictive control
 

Figure 1.4 Matrix rectifier modulation methods. 

The modulation methods for traditional direct matrix converters can also be 

applied to isolated matrix type rectifiers. The modulation scheme based on space 

vector modulation (SVM) is especially suited for the three-phase isolated matrix 

rectifier. [15] and [91] have developed the SVM for the traditional three-phase to 

three-phase matrix converter. [10], [14], and [48] presented the SVM for the 

isolated matrix rectifier, which is derived from the SVM of the matrix converter.  

The SVM analysis for the isolated matrix rectifier is based on the assumption 

that the DC current is constant, so it can use the traditional current vector-based 

SVM stated in [92]. Thus, the three-phase isolated matrix rectifier can be regarded 

as equivalent to the traditional current-source rectifier (CSR), except that all the 

switching devices are bidirectional. In this section, the principle and 

implementation of the SVM technique are presented. 

1.3.1 Switching States 

For the three-phase isolated buck-derived matrix rectifier, the bidirectional 

switches are controlled separately, so that there are twelve switching devices in the 

transformer’s primary side. For the PWM switching pattern shown in Figure 1.3, 

there are four switches in the converter conduct at any time: two switches of one 

phase leg in the top half bridges and the other two of one phase leg in the bottom 

half. The three-phase matrix rectifier has a total of fifteen switching states as listed 
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in Table 1.1. 

There are three zero switching states: [AA], [BB], and [CC]. In zero state [AA], 

the four switches in phase A conduct simultaneously and other switches are off. The 

current 𝑖𝑃  is bypassed by phase A. The other two zero states are with the same 

principle with state [AA]. Different from the active switching states in CSR, the 

three-phase isolated matrix rectifier has a total of twelve active states due to the 

bidirectional current flow. State [AB] indicates that the two switches in upper leg 

of phase A, 𝑆21 and 𝑆11, and two switches in lower leg of phase B, 𝑆26 and 𝑆16, are 

on. The transformer primary side current 𝑖𝑃  flows through 𝑆11  and   𝑆21 , the 

transformer, 𝑆16 and  𝑆26, then back to the source. The definition of other switching 

states is given in the table.  

Table 1.1. Switching states and space vectors 

Type Switching states On-state switch Current 𝑖𝑃 Space vector 

Zero states 

AA 𝑆21, 𝑆11, 𝑆24, 𝑆14 

0 𝐼0⃑⃑⃑   BB 𝑆23, 𝑆13, 𝑆26, 𝑆16 

CC 𝑆25, 𝑆15, 𝑆22, 𝑆12 

Active states 

AB 𝑆21, 𝑆11, 𝑆26, 𝑆16 

𝑖𝑃 > 0 

𝐼1+
⃑⃑ ⃑⃑  ⃑ 

AC 𝑆21, 𝑆11, 𝑆22, 𝑆12 𝐼2+
⃑⃑ ⃑⃑  ⃑ 

BC 𝑆23, 𝑆13, 𝑆22, 𝑆12 𝐼3+
⃑⃑ ⃑⃑  ⃑ 

BA 𝑆23, 𝑆13, 𝑆24, 𝑆14 𝐼4+
⃑⃑ ⃑⃑  ⃑ 

CA 𝑆25, 𝑆15, 𝑆24, 𝑆14 𝐼5+
⃑⃑ ⃑⃑  ⃑ 

CB 𝑆25, 𝑆15, 𝑆26, 𝑆16 𝐼6+
⃑⃑ ⃑⃑  ⃑ 

-AB 𝑆24, 𝑆14, 𝑆23, 𝑆13 

𝑖𝑃 < 0 

𝐼1−
⃑⃑ ⃑⃑  ⃑ 

-AC 𝑆24, 𝑆14, 𝑆25, 𝑆15 𝐼2−
⃑⃑ ⃑⃑  ⃑ 

-BC 𝑆26, 𝑆16, 𝑆25, 𝑆15 𝐼3−
⃑⃑ ⃑⃑  ⃑ 

-BA 𝑆26, 𝑆16, 𝑆21, 𝑆11 𝐼4−
⃑⃑ ⃑⃑  ⃑ 

-CA 𝑆22, 𝑆12, 𝑆21, 𝑆11 𝐼5−
⃑⃑ ⃑⃑  ⃑ 

-CB 𝑆22, 𝑆12, 𝑆23, 𝑆13 𝐼6−
⃑⃑ ⃑⃑  ⃑ 

1.3.2 Space Vectors  

The switching states can be represented by space vectors. The space vector 

diagram for the three-phase isolated matrix converter is shown in Figure 1.5 (a) and 

(b), where the active states can be represented by active vectors 𝐼1⃑⃑    to 𝐼6⃑⃑⃑  , and zero 

states can be represented by zero space vectors 𝐼7⃑⃑⃑  , 𝐼8⃑⃑⃑  , and 𝐼9⃑⃑  . The six equal active 
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vectors form a regular hexagon, and the zero vector lies on the centre of the hexagon.  

Depending on the direction of the transformer primary side current 𝑖𝑃, there are 

two possible switching states for each active vector, as shown in Figure 1.5 (a) and 

(b).  

The current space vector can be expressed in terms of the three input currents 

𝑖𝑎, 𝑖𝑏 , 𝑖𝑐: 

𝐼 (𝑡) =
2

3
[𝑖𝑎(𝑡)𝑒

𝑖0 + 𝑖𝑏(𝑡)𝑒
𝑖2𝜋 3⁄ + 𝑖𝑐(𝑡)𝑒

𝑖4𝜋 3⁄ ]                    (1.1) 

Based on different switching states, the six active vectors can be expressed as: 

𝐼𝑛⃑⃑  ⃑ =
2

√3
𝑖𝑃𝑒

𝑖(
𝑛𝜋

3
−

𝜋

2
)
                                           (1.2) 

where n=1, 2,…, 6 for sectors I, II, …, VI, respectively. 

I

IIIII

IV

V VI

α

β

Iref
θ 

I1+(AB)

I2+(AC)

I3+(BC)

I4+(BA)

I5+(CA)

I6+(CB)
 

(a) 𝑖𝑃 > 0 
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α

β

Iref
θ 

I1-(BA)

I2-(CA)

I3-(CB)

I4-(AB)

I5-(AC)

I6-(BC)

I

IIIII

IV

V VI

 

(b) 𝑖𝑃 < 0 

Figure 1.5 Space vector diagram for isolated matrix rectifier. 

On the contrary, the current reference vector 𝐼𝑟𝑒𝑓⃑⃑⃑⃑ ⃑⃑  ⃑ rotates in space at the same 

angular velocity as the grid voltage vector in order to get the sinusoidal input 

current. The unity power factor can be achieved by aligning the reference vector 

with the grid voltage vector. As shown in Figure 1.6, the reference vector 𝐼𝑟𝑒𝑓⃑⃑⃑⃑ ⃑⃑  ⃑ can 

be synthesized by three adjacent stationary vectors based on the sector it located. 

For example, in sector I, 𝐼𝑟𝑒𝑓⃑⃑⃑⃑ ⃑⃑  ⃑ is synthesized by active vectors 𝐼1⃑⃑   and 𝐼2⃑⃑⃑  , and zero 

vector 𝐼0⃑⃑⃑   . When 𝐼𝑟𝑒𝑓⃑⃑⃑⃑ ⃑⃑  ⃑  passes through sectors one by one, different switches are 

turned on and off.  

α

jβ 

θ IrefI0

Ix=I1

Iy=I2

Sector I

 
Figure 1.6 Synthesis of 𝐼𝑟𝑒𝑓⃑⃑ ⃑⃑ ⃑⃑  ⃑ by 𝐼1⃑⃑  , 𝐼2⃑⃑⃑  , and 𝐼0⃑⃑⃑  . 
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1.3.3 Dwell Time Calculation  

The dwell time of stationary vectors represents the duty-cycle time of the 

operating switches during a sampling period 𝑇𝑆. In this section, all the analysis is 

done in sector I, so that the three stationary vectors are 𝐼1⃑⃑  , 𝐼2⃑⃑⃑  , and 𝐼0⃑⃑⃑   respectively. 

Assuming that the output inductor current 𝐼𝐿 is constant, and the sampling period 

𝑇𝑆  is small enough, so that 𝐼𝑟𝑒𝑓⃑⃑⃑⃑ ⃑⃑  ⃑  can be considered as constant during 𝑇𝑆 . the 

ampere-second balancing equation is thus given by: 

𝐼𝑟𝑒𝑓⃑⃑⃑⃑ ⃑⃑  ⃑𝑇𝑆 = 𝐼1⃑⃑  𝑇1 + 𝐼2⃑⃑⃑  𝑇2 + 𝐼0⃑⃑⃑  𝑇0                                    (1.3) 

𝑇𝑆 = 𝑇1 + 𝑇2 + 𝑇0                                            (1.4) 

where 𝑇1, 𝑇2, and 𝑇0 are the dwell times for vectors 𝐼1⃑⃑  , 𝐼2⃑⃑⃑  , and 𝐼0⃑⃑⃑  , respectively. The 

dwell time for 𝐼1⃑⃑  , 𝐼2⃑⃑⃑  , and 𝐼0⃑⃑⃑   can be calculated as below: 

𝑇𝑥 = 𝑇1 = 𝑚𝑎𝑇𝑆sin (
𝜋

6
− 𝜃)                                   (1.5) 

𝑇𝑦 = 𝑇2 = 𝑚𝑎𝑇𝑆sin (
𝜋

6
+ 𝜃)                                   (1.6) 

𝑇0 = 𝑇𝑆 − 𝑇𝑥 − 𝑇𝑦                                           (1.7) 

For −
𝜋

6
≤  𝜃 ≤

𝜋

6
 

where 𝑚𝑎 is the modulation index, given by 

𝑚𝑎 =
𝐼𝑟𝑒𝑓

𝑛𝑖𝐿
=

𝐼𝑚

𝑖𝑃
, 0 ≤  𝑚𝑎  ≤ 1                                 (1.8) 

where 𝐼𝑚 represent the peak of fundamental-frequency component in 𝑖𝑎. 

1.4 Zero-Voltage-Switching Technique 

The isolated matrix converter is widely used in high-power high-frequency 

applications. However, the increasing switching frequency is accompanied by the 

reduction of efficiency caused by increased switching losses. The switching losses 

can be significantly reduced or totally removed if the zero-voltage-switching (ZVS) 

technique can be implemented in the power circuit. The ZVS operation of full-
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bridge (FB) phase-shifted PWM DC-DC converters was investigated in [49-53]. 

This soft-switching technique can be extended to the three-phase converters [14], 

[35], [48].  

For an ideal power converter, if both the diode and the switch device were ideal, 

the switching waveforms of voltage and current should look as in Figure 1.7. There 

would be no overlap between the current and voltage waveforms during switching. 

Therefore, in an ideal case, all waveforms would be square, and there would be no 

switching losses. 

V

I

 
Figure 1.7 The waveforms in an ideal ZVS case. 

However, in reality, the finite transistor and diode switching speed cause current-

voltage overlap, and result in switching losses, switching noise, and switching 

stresses, especially during high-frequency applications. Figure 1.8 shows an 

experiment result of a hard-switching operation. The overlapping of drain-source 

voltage 𝑉𝑑𝑠 and gate-source voltage 𝑉𝑔𝑠, 𝐸𝑜𝑛, causes turn-on loss. This problem can 

be solved if the soft-switching technique is implemented, which allows for 

operation at a higher frequency without sacrificing efficiency.  

Vds Vgs

Vds: 100V/div

Vgs: 20V/div

200ns/div  
Figure 1.8 Turn-on loss. 

The soft-switching is achieved by adding an auxiliary commutation network to 

the existing power switches, thus creating a resonance circuit between them, and 
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shaping the voltage across the switches. The ZVS operation of the three-phase 

isolated matrix rectifier is stated in Chapter 2 and Chapter 3.  

1.5 Research Objectives and Thesis Organization 

The isolated matrix rectifier is attractive in high-power high-frequency industry 

applications. The soft-switching technique can significantly decrease or totally 

remove the severe switching loss caused by high-switching frequency. The existing 

PWM schemes have the drawback of two hard-switching actions in each switching 

cycle. The research objective of this thesis to remove the hard-switch actions and 

achieve ZVS operation for all switches.  

In 6-segment PWM schemes, the vector transitions between zero vector and 

active vector are all under ZVS. However, the vector transitions between two active 

vectors have one hard-switch action. Inspired by this phenomenon, a PWM scheme 

with all vector transitions between zero vector and active vector is proposed. In this 

manner, all vector transitions are under ZVS. The comparison between the three 

PWM schemes is also carried out.  

The organization of this thesis is as follows. Chapter 2 describes a 

comprehensive review of existing PWM schemes for ZVS operation of the three-

phase isolated matrix-type rectifiers, including the traditional 8-segment PWM 

scheme, and 6-segment PWM scheme. Their operation principles, steady-state 

analyses, and ZVS operations are presented, addressing their features and 

drawbacks. Chapter 3 illustrates details of the proposed 8-segment PWM scheme. 

Chapter 4 presents the comparison between the three PWM schemes. Chapter 5 

presents the simulation and experiment results verifying the effectiveness of the 

proposed PWM scheme. The conclusions of the research and future work are 

presented in Chapter 6. 
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Chapter 2  

Review of Existing PWM Schemes 

The desirable ZVS PWM schemes for the three-phase buck type matrix-based 

rectifier should meet the following requirements: 

• By using circuit inductance and devices junction capacitance and switch’s 

body diodes to permit the switching devices to operate under zero-voltage 

switching; 

• Transformer primary voltage must be alternating positive and negative in 

high-frequency; 

• Low primary side switching loss; 

• High switching frequency; 

• Unity input displacement factor; 

• Low harmonic distortion of input currents; 

• Tight output voltage regulation; 

• High-efficiency and high-power density. 

Before discussing the proposed PWM scheme in this work, available PWM 

methods in literature are reviewed in this chapter. Their features and drawbacks are 

discussed. Section 2.1 presents the traditional 8-segment PWM scheme. Section 2.2 

introduces a 6-segment PWM scheme. The disadvantages of these two types of 

PWM scheme are briefly analyzed. 

2.1 Traditional 8-Segment PWM Schemes [34], [35] 

The traditional 8-segment PWM scheme is firstly proposed in [34], [35]. The 

modulation method used in this PWM scheme is space vector modulation (SVM). 

The switching sequence is 𝐼𝑥+
⃑⃑ ⃑⃑  ⃑, 𝐼0⃑⃑⃑  , 𝐼𝑥−

⃑⃑ ⃑⃑  ⃑, 𝐼0⃑⃑⃑  , 𝐼𝑦+
⃑⃑ ⃑⃑  ⃑, 𝐼0⃑⃑⃑  , 𝐼𝑦−

⃑⃑ ⃑⃑  ⃑, 𝐼0⃑⃑⃑  , during interval of -30˚ ≤ θ 

< 0˚, and 𝐼𝑦+
⃑⃑ ⃑⃑  ⃑, 𝐼0⃑⃑⃑  , 𝐼𝑦−

⃑⃑ ⃑⃑  ⃑, 𝐼0⃑⃑⃑  , 𝐼𝑥+
⃑⃑ ⃑⃑  ⃑, 𝐼0⃑⃑⃑  , 𝐼𝑥−

⃑⃑ ⃑⃑  ⃑, 𝐼0⃑⃑⃑   during interval of  0˚ ≤ θ <30˚. This switching 
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sequence is denoted as SQ1. The operation principle and commutation of the PWM 

scheme are described in the following sections. 

2.1.1 Principle of Operation 

Within any 60˚ interval between two successive zero crossing of input phase 

voltages as shown in Figure 2.1, there are two input line voltages do not change 

sign. 

-180 -120 -60 0 60 120 180

VA

VB

VC

Vm

Θ=ωt  
Figure 2.1 Input phase voltages. 

For example, in sector I, -30˚ < θ < 30˚ interval, the shade area in Figure 2.1, the 

line voltages 𝑣𝐴𝐵 = 𝑣𝐴 − 𝑣𝐵, and 𝑣𝐴𝐶 = 𝑣𝐴 − 𝑣𝐶 are positive, and they both attain 

their maximum in this interval. The two line voltages can be treated as slowly 

varying dc voltages because that the switching frequency of the matrix converter is 

much higher than line frequency. Therefore, within any 60˚ interval, the three-phase 

to single-phase matrix converter can be analyzed as two full-bridge (FB) converter 

sub-topologies operating alternatively within the switching cycle [49-53]. In each 

sector, one of the phase legs which has the extremum voltage potential is shared by 

the two sub-topologies. For example, in sector I, phase A has the highest voltage 

potential so it is the common leg of sub-topology x and sub-topology y, as shown 

in Figure 2.2(a) and Figure 2.2(b) respectively. The active vectors 𝐼𝑥+
⃑⃑ ⃑⃑  ⃑ and 𝐼𝑥−

⃑⃑ ⃑⃑  ⃑ are 

generated by sub-topology x while active vectors 𝐼𝑦+
⃑⃑ ⃑⃑  ⃑ and 𝐼𝑦−

⃑⃑ ⃑⃑  ⃑ are generated by sub-

topology y. The zero vector 𝐼0⃑⃑⃑   are generated by turning on all the switches in one 
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of the three phases. 

S21

S11

S24

S14

S23

S13

S26

S16

Llk

VA VB

iP

Bridge x

A

B  

S21

S11

S25

S15

S24

S14

S22

S12

Llk

VA VC

iP

Bridge y

A

C  

(a) Sub-topology x                                 (b) Sub-topology y 

Figure 2.2 Two sub-topologies similar to the ZVS-FB-PWM converter. 

In the 8-segment PWM scheme, the two sub-topologies are used alternatively to 

generate expecting waveforms according to the different sequence arrangements. 

Figure 2.3 shows the circuit principal waveforms within 60˚ interval, with 

excessively decreased switching frequency 𝑓𝑠𝑤  so that the PWM details can be 

observed. Different shades are used to represent different sub-topologies, which are 

used to generate different parts of the waveforms. 
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VAC

VAB

Sub-topology x Sub-topology y

-VAC

-VAB

0

Vp

2Vm

-2Vm

 
Figure 2.3 PWM waveforms: primary side voltages. 

At the beginning of each switching cycle sub-topology x is used. The upper leg 

of phase A and lower leg of phase B are used to creating a positive voltage pulse 

and a current pulse flowing from phase A to phase B. Switches 𝑆11  and 𝑆16  in 

Figure 2.2 (a) are on during this time interval. In order to keep the transformer flux 

balanced, a negative voltage pulse of the same duration is next generated by turning 

on switches 𝑆26 and 𝑆21. The two pulses are separated by a zero-volt interval. The 

time interval of the zero-volt is chosen so that the distance between adjacent pulses 

is even throughout the switching cycle. In the remaining part of the switching cycle, 

the sub-topology x is used to create another two voltage pulses across points A and 

B and two current pulses flowing from phase A into phase B. Every adjacent voltage 

pulses are separated by a zero-volt interval.  

The complete operation of the three-phase circuit during a high-frequency 

switching period is illustrated in Figure 2.4 and Figure 2.5. Figure 2.4 shows the 

transformer primary side voltage 𝑉𝑃  and current 𝑖𝑃 , the rectified secondary side 

voltage 𝑉𝑆, and current of phase A, 𝑖𝑎. The gate drive signals for all twelve switches 
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are shown in Figure 2.5 with the same time scale. Figure 2.5(a) illustrates the 

operation of the sub-topology y, and Figure 2.5(b) shows the operation of the sub-

topology x (the gate signals for switches 𝑆11 and 𝑆24 are repeated for clarity). 

ABV
ACV

t1 t2 t3 t4 t5
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Pv
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yd
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yd
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xd0
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d
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d
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ST

t6 t7 t8 t9 t10 t11 t12 t13

 
Figure 2.4 Circuit waveforms: Primary voltage (top), rectified secondary voltage 

(middle), and current of phase A (bottom). 
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Figure 2.5 Switch gate drive waveforms during switching period in Figure 2.4: (a) Sub-

topology y gate signals, (b) sub-topology x gate signals, (c) remaining gate signals. 
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From the figures above, there’re only six out of twelve two-quadrant switches 

in the converter operate in any given 60˚ interval. The other six switches should be 

kept on during the entire interval. However, in a 30˚ sub-interval, there’s one input 

phase voltage lies between the other two phase voltages, so that the two switches 

connected to this input phase have to be turned off when the sub-topology 

corresponding to this phase is not used. For example, in Figure 2.1, during 0˚ ≤ θ ≤ 

30˚, switches 𝑆21, 𝑆14 in phase A, 𝑆13, 𝑆26 in phase B, and 𝑆15, 𝑆22 in phase C are 

kept on all the time. However, voltage 𝑣𝐵 lies between 𝑣𝐴 and 𝑣𝐶 , that means, 𝑆13 

and 𝑆26  in phase B can be kept on during the whole interval except when the 

switches 𝑆25 and 𝑆12, respectively, are on, as shown in Figure 2.5 (c), when sub-

topology y is used. In this way, it prevents the short circuit between phase B and 

phase C through the antiparallel diodes of 𝑆23 or 𝑆16, as shown in Figure 2.6. In 

Figure 2.6, during 0˚ ≤ θ ≤ 30˚ interval, when phase B is not used, corresponding 

to [t4, t6] in Figure 2.5, if 𝑆13 is turned on, the current will flow in from phase B, 

through the antiparallel body diode of switch 𝑆23, then flow out from phase C. The 

short circuit between phase B and phase C will destroy the MOSFET devices. 

During this interval, switches 𝑆13  and 𝑆26  are not switched under zero-voltage 

conditions. The switching loss would be analyzed in Chapter 4. 

VB VC

S23

S13

S25

S15

 
Figure 2.6 Short circuit description between phase B and phase C. 

The switching states and corresponding space vectors for this PWM scheme 

during 0˚ ≤ θ < 30˚ interval are summarized in Table 2.1 based on the space vector 

modulation method, where “1” represents on-state, and “0” represents off-state. 

 

 



 

21 

 

Table 2.1. Switching states and space vectors during 0˚ ≤ θ < 30˚ of SQ1 

Space vectors 𝑆21 𝑆11 𝑆24 𝑆14 𝑆23 𝑆13 𝑆26 𝑆16 𝑆25 𝑆15 𝑆22 𝑆12 

𝐼𝑦+
⃑⃑⃑⃑⃑⃑  1 1 0 1 0 1 0 0 0 1 1 1 

𝐼0⃑⃑⃑   1 0 0 1 0 0 0 0 1 1 1 1 

𝐼𝑦−
⃑⃑⃑⃑⃑⃑  1 0 1 1 0 0 1 0 1 1 1 0 

𝐼0⃑⃑⃑   1 1 1 1 0 1 1 0 0 1 1 0 

𝐼𝑥+
⃑⃑ ⃑⃑  ⃑ 1 1 0 1 0 1 1 1 0 1 1 0 

𝐼0⃑⃑⃑   1 0 0 1 1 1 1 1 0 1 1 0 

𝐼𝑥−
⃑⃑ ⃑⃑  ⃑ 1 0 1 1 1 1 1 0 0 1 1 0 

𝐼0⃑⃑⃑   1 1 1 1 0 1 1 0 0 1 1 0 

2.1.2 Steady-State Analysis 

Because of the transformer isolation and leakage inductance, the duty-cycles of 

the transformer primary side voltage pulses are always longer than the duty-cycles 

of the corresponding rectified secondary side voltage pulse, as can be seen in Figure 

2.4. The duty-cycle differences are analyzed in this section, and the output current 

ripple is also analyzed in this section.   

The analysis in this section is based on the assumption that the transformer is 

ideal and the forward voltage drop across all the diodes and the MOSFETs is zero. 

It is also assumed that the output voltage 𝑉𝑜 is constant. 

(a) Duty-cycle analysis 

From Figure 2.4, the total duty-cycle of primary side voltage 𝑣𝑃 is defined as  

𝑑(𝜃) = 𝑑𝑥(𝜃) + 𝑑𝑦(𝜃)                                     (2.1) 

where 𝑑𝑥(𝜃)  and 𝑑𝑦(𝜃)  represent the sum of duty-cycles of the voltage pulses 

created by sub-topology x and sub-topology y, respectively. The duty-cycle of the 

four voltage pulses are 𝑑𝑦(𝜃)/2 , 𝑑𝑦(𝜃)/2 , 𝑑𝑥(𝜃)/2 , and 𝑑𝑥(𝜃)/2 , 

correspondingly. The four pulses are separated by four zero-volt intervals with 

equal duration of 𝑑0/4 as marked in Figure 2.4. The secondary voltage duty-cycle 

is defined as: 

𝑑𝑠(𝜃) = 𝑑𝑠𝑥(𝜃) + 𝑑𝑠𝑦(𝜃)                                   (2.2) 
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where 𝑑𝑠𝑥(𝜃) and 𝑑𝑠𝑦(𝜃) are the sum of duty-cycles of the two pairs of pulses in 

the secondary side, which can be defined as: 

𝑑𝑠𝑥(𝜃) = 𝑑𝑥(𝜃) − ∆𝑑𝑥(𝜃)                                   (2.3) 

𝑑𝑠𝑦(𝜃) = 𝑑𝑦(𝜃) − ∆𝑑𝑦(𝜃)                                   (2.4) 

where ∆𝑑𝑥(𝜃) and ∆𝑑𝑦(𝜃) are the duty-cycle loss of the two pairs of pulses.  

The total duty-cycle loss is then defined as: 

∆𝑑(𝜃) = ∆𝑑𝑥(𝜃) + ∆𝑑𝑦(𝜃)                                 (2.5) 

During these duty loss intervals, the small triangular parts, t1 to t2, t4 to t5, etc. as 

shown in Figure 2.4 bottom figure, will cause input current distortion. However, 

the effect to the total harmonic distortion (THD) is less than 2%. 

(b) Output inductor current ripple 

For a given output voltage, the output inductor current ripple is determined by 

the off-time of the secondary voltage 𝑉𝑆. The off-time of 𝑉𝑆 is the dwell time of zero 

vectors, 𝑑0(𝜃), and the duty-cycle loss time intervals, ∆𝑑(𝜃). For the current ripple 

analysis, it is assumed that the duty-cycle loss ∆𝑑 is relatively small and can be 

ignored. It is necessary to know at which phase angle θ of the input voltage does 

the dwell time of zero vectors reach its extremum, thereby, the output filter current 

ripple reaches its maximum and minimum points. Figure 2.7 shows the secondary 

voltage and the corresponding output current ripple for θ=0 and θ=π/6, respectively. 

At θ=0˚, since 𝑣𝐴𝐵 = 𝑣𝐴𝐶 , secondary voltage 𝑉𝑆 consists of four equal-amplitude 

voltage pulses evenly distributed within one switching cycle 𝑇𝑆. The duty-cycle of 

each voltage pulse is 𝑚𝑎/4, where 𝑚𝑎 is the effective modulation index. In this 

case, the total off-time of the secondary voltage 𝑉𝑑 is minimum and is given by (1-

𝑚𝑎)𝑇𝑆. Therefore, the current ripple is minimum, as shown in Figure 2.7 (a), is 

given by  

∆𝐼𝑚𝑖𝑛 =
𝑉𝑜(1−𝑚𝑎)𝑇𝑆

4𝐿𝑜
                                              (2.6) 

At 𝜃 = π/6, secondary voltage 𝑉𝑆 consists of two voltage pulses, each having a 
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duty-cycle of (√3𝑚𝑎)/4. The other pair of voltage pulses disappear, so the three 

zero vectors merged into one large interval, as shown in Figure 2.7 (b). The total 

off-time of the secondary voltage 𝑉𝑆 is (1 − √3𝑚𝑎/2)𝑇𝑆. The maximum current 

ripple can be derived by: 

∆𝐼𝑚𝑎𝑥 =
3𝑉𝑜(1−√3𝑚𝑎/2)𝑇𝑆

4𝐿𝑜
                                         (2.7) 
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(b) θ=π/6 

Figure 2.7 Output inductor current ripple. 

2.1.3 ZVS Operation 

The ZVS operation by using the SQ1 PWM scheme are analyzed in this section. 

The analysis in this section was not presented in the reference papers, which is 
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according to the operation in Figure 2.5 in Section 2.1.1. It should be noted that in 

the same switching cycle, the bypassing circuit are through different phase legs, 

that is, the switching states corresponding to four zero vectors are different. The 

analysis is focus on the first half cycle in sector I (b), corresponding to interval 0˚ 

≤ θ ≤ 30˚. The operations in second half cycle and the rest sectors are similar to the 

presented half cycle. The MOSFET parasitic capacitors and diodes are denoted by 

Cxx and Dxx. For example, the parasitic capacitor and diode of 𝑆11 are denoted as 

C11 and D11, respectively. 

Mode 0: Before starting the switching cycle, the current is freewheeling through 

phase A, and is in negative direction, as shown in Figure 2.8 (a). The transformer 

primary side voltage 𝑉𝑃 is clamped to zero. The corresponding current vector is 𝐼0⃑⃑⃑  . 

Mode 1: This mode starts when switch 𝑆24  is turned off. It starts the 

charging/discharging between leakage inductance 𝐿𝑙𝑘  and parasitic capacitances 

C24, C26, C16 and C12. When voltage across 𝑆12  reaches zero, D12 conducts, as 

shown in Figure 2.8 (b) and (c). In order to achieve ZVS operation, the energy 

stored in leakage inductance should be large enough to charge the equivalent 

capacitance of the four capacitors. Before the primary current 𝑖𝑝 changing direction, 

𝑆12 can be turned on under ZVS, as shown in Figure 2.8 (d).  

Mode 2: At this mode, the primary current 𝑖𝑝 changes direction from negative to 

positive, and flows through 𝑆11 , 𝐷21 , 𝑆12 , 𝐷22 . The current vector is 𝐼𝑦+
⃑⃑ ⃑⃑  ⃑ . The 

transformer primary side voltage 𝑉𝑃 is clamped to 𝑣𝐴𝐶 , as shown in Figure 2.8 (e).  

Mode 3: This mode starts when 𝑆11 is turned off. The energy stored in leakage 

inductance starts charging/discharging C11, C13, C23, and C25 (Figure 2.8 (f)). When 

voltage across 𝑆25 reaches zero, D25 starts conducting (Figure 2.8 (g)). Then, 𝑆25 

could turn on at zero voltage (Figure 2.8 (h)). The primary voltage is clamped to 

zero. The current vector is 𝐼0⃑⃑⃑  , and the current is bypassed by phase C, instead of 

phase A, which has maximum voltage potential.  

Mode 4: At the time 𝑆12 turns off, 𝑆26 turns on under hard-switching condition 
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to prepare for next step. Then, the energy transferring between 𝐿𝑙𝑘 and C24, C16, and 

C12 starts (Figure 2.8 (i)). When voltage across 𝐶24  discharged to zero, 𝐷24 

conducts (Figure 2.8 (j)). At the end of this mode, 𝑆24 turns on under ZVS (Figure 

2.8(k)).  

Mode 5: The primary current 𝑖𝑃 changes direction. The current vector is 𝐼𝑦−
⃑⃑ ⃑⃑  ⃑, as 

shown in Figure 2.8 (l). The primary voltage 𝑉𝑃 is clamped to −𝑣𝐴𝐶. 

Mode 6: This mode starts when 𝑆25 turns off and 𝑆13 turns on (Figure 2.8(m)). 

The voltage across 𝑆11 will reach zero due to the energy transferring between the 

inductance and capacitances. Then, D11 starts conducting (Figure 2.8(n)), and 𝑆11 

can turn on under ZVS. It should be noted that 𝑆13 is turned on under non-ZVS 

condition. The current vector is 𝐼0⃑⃑⃑  . 

This completes the first half cycle ZVS operation. In the second half cycle, the 

bypassing phase is phase B and phase A. The three phases are all used as bypassing 

circuit in one switching cycle. The operation in rest sectors are similar to the 

presented half cycle.  
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(a) Current vector 𝐼0⃑⃑⃑   
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(b) Energy transferring between inductor and capacitors 
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(c) Diode conducts 

V
s

Co

+

-

+

-

+

-

iP

S21

S11

S23

S13

S25

S15

S24

S14

S26

S16

S22

S12

1:n

V
p

Vo

Lo

Llk

VA VB VC

V
d

iL

 

(d) 𝑆12 turns on at ZVS 
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(e) Primary current changes direction, current vector 𝐼2+
⃑⃑ ⃑⃑  ⃑ 
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(f) Energy transferring between inductor and capacitors 
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(g) Diode conducts 
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(h) Current vector 𝐼0⃑⃑⃑   
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(i) 𝑆26 turns on when 𝑆24 turns off 
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(j) Diode conducs 

V
s

Co

+

-

+

-

+

-

iP

S21

S11

S23

S13

S25

S15

S24

S14

S26

S16

S22

S12

1:n
V

p

Vo

Lo

Llk

VA VB VC

V
d

iL

 

(k) 𝑆24 turns on at ZVS 
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(l) Current vector 𝐼2−
⃑⃑ ⃑⃑  ⃑ 
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(m) Energy transferring between inductor and capacitors 
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(n) Diode conducts 
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(o) 𝑆11 turns on at ZVS 

Figure 2.8 ZVS operation of SQ1. 

2.2 6-Segment PWM Schemes [14], [48] 

Based on the same idea as the 8-segment PWM scheme, by rearranging the 

operating sequence of sub-topology x and sub-topology y, different PWM scheme 

can be generated. The switching patterns can be identified by the transformer 

primary side voltage waveforms. 6-segment switching patterns are identified by the 

transition between two adjacent active vectors.  A high to low (HTL) pattern, which 

means the step change of transformer primary voltage caused by vector transition 

from higher voltage magnitude to lower voltage magnitude, is the most commonly 

practiced 6-segment pattern [14], [48]. This switching pattern is denoted as SQ2. 

2.2.1 Principle of Operation 

With the same idea of SQ1, the 6-segment PWMs can also be analyzed as two 
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full-bridge (FB) sub-topologies [49-53]. The PWM details with excessively 

increased switching period can be observed in Figure 2.9. In sector I (a), interval  

-30˚ ≤ θ < 0˚, the current flows through sub-topology x from phase A into phase B 

creating a positive voltage pulse 𝑉𝑃 = 𝑣𝐴𝐵. Then, MOSFETs 𝑆11, 𝑆21, and 𝑆12, 𝑆22 

of sub-topology y turn on creating another voltage pulse 𝑉𝑃 = 𝑣𝐴𝐶  and current flow 

through phase A into phase C. In order to keep the transformer flux balanced, 

negative voltage pulses with same duration should be generated next. In sector I (b), 

during interval 0˚ ≤ θ < 30˚, the sequence of two sub-topologies is swapped in order 

to achieve ZVS operation of switches in high to low (HTL) pattern. 

VAC

VAB

-VAC

-VAB

0

Vp

2Vm

-2Vm

Sub-topology x Sub-topology y
 

Figure 2.9 6-segment PWM waveforms with excessively increased switching period 𝑇𝑆. 

Space vector modulation (SVM) technique is used at input and output voltage 

regulation to achieve unity power factor. The SVM technique is stated in Chapter 

1.  

The space vector diagrams of SQ1 and SQ2 are the same, and are shown in Figure 

2.10. In Figure 2.10, the space vector is divided into six large sectors, and each 
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sector is divided into ‘a’ and ‘b’ sub-sectors. In each sector, the switching sequence 

in the two parts are swapped, and the switching states are different.  
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(a) 𝑖𝑃 = 𝑛𝐼𝐿, 𝑖𝑃 > 0 
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(b) 𝑖𝑃 = −𝑛𝐼𝐿, 𝑖𝑃 < 0 

Figure 2.10 Space vector diagram of SQ2. 

To maintain volt-sec balance and use transformer isolation, the vector sequence 

in every sampling period is divided into 𝐼𝑥+
⃑⃑ ⃑⃑  ⃑, 𝐼𝑦+

⃑⃑ ⃑⃑  ⃑, 𝐼0⃑⃑⃑  , 𝐼𝑥−
⃑⃑ ⃑⃑  ⃑, 𝐼𝑦−

⃑⃑ ⃑⃑  ⃑, 𝐼0⃑⃑⃑   in ‘a’ part of each 

sector, and 𝐼𝑦+
⃑⃑ ⃑⃑  ⃑, 𝐼𝑥+

⃑⃑ ⃑⃑  ⃑, 𝐼0⃑⃑⃑  , 𝐼𝑦−
⃑⃑ ⃑⃑  ⃑, 𝐼𝑥−

⃑⃑ ⃑⃑  ⃑, 𝐼0⃑⃑⃑   in ‘b’ part of each sector, as shown in Figure 

2.11. The corresponding dwell time would be 𝑇𝑥/2, 𝑇𝑦/2, 𝑇0/2, 𝑇𝑥/2, 𝑇𝑦/2, 𝑇0/2 
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in ‘a’ part and 𝑇𝑦/2, 𝑇𝑥/2, 𝑇0/2, 𝑇𝑦/2, 𝑇𝑥/2, 𝑇0/2 in ‘b’ part respectively.  

The switching states and corresponding space vectors in sector I is shown in 

Table 2.2, where “1” and “0” represent on-state and off-state respectively. 

Table 2.2. Switching states and space vectors for SQ2 in sector I (a) and (b) 

Sector 
Space 

vectors 
𝑆21 𝑆11 𝑆24 𝑆14 𝑆23 𝑆13 𝑆26 𝑆16 𝑆25 𝑆15 𝑆22 𝑆12 

I(a) 

𝐼𝑥+
⃑⃑ ⃑⃑  ⃑ 1 1 0 1 0 1 1 1 0 1 0 0 

𝐼𝑦+
⃑⃑⃑⃑⃑⃑  1 1 0 1 0 1 1 0 0 1 1 1 

𝐼0⃑⃑⃑   1 1 1 1 0 1 1 0 0 1 1 0 

𝐼𝑥−
⃑⃑ ⃑⃑  ⃑ 1 0 1 1 1 1 1 0 0 0 1 0 

𝐼𝑦−
⃑⃑⃑⃑⃑⃑  1 0 1 1 0 1 1 0 1 1 1 0 

𝐼0⃑⃑⃑   1 1 1 1 0 1 1 0 0 1 1 0 

I(b) 

𝐼𝑦+
⃑⃑⃑⃑⃑⃑  1 1 0 1 0 1 0 0 0 1 1 1 

𝐼𝑥+
⃑⃑ ⃑⃑  ⃑ 1 1 0 1 0 1 1 1 0 1 1 0 

𝐼0⃑⃑⃑   1 1 1 1 0 1 1 0 0 1 1 0 

𝐼𝑦−
⃑⃑⃑⃑⃑⃑  1 0 1 1 0 0 1 0 1 1 1 0 

𝐼𝑥−
⃑⃑ ⃑⃑  ⃑ 1 0 1 1 1 1 1 0 0 1 1 0 

𝐼0⃑⃑⃑   1 1 1 1 0 1 1 0 0 1 1 0 

In sector I (a), during -30˚ ≤ θ < 0˚, 𝑣𝐴>𝑣𝐶>𝑣𝐵, switches 𝑆21 and S14 in phase A, 

and 𝑆13 and 𝑆26 in phase B are kept on all the time, due to voltage forward biased. 

Constrains need to be applied to switches 𝑆15  and 𝑆22  to prevent short circuit 

between phase B and phase C for the same reason with traditional 8-segment PWM 

scheme. 𝑆15 should be complimentary to 𝑆23, and 𝑆16 should be complimentary to 

𝑆22.  

For the same reason, in sector I (b), during 0˚ ≤ θ < 30˚, 𝑣𝐴>𝑣𝐵>𝑣𝐶 , switches 

𝑆21  and 𝑆14  in phase A, and 𝑆15  and 𝑆22  in phase C are kept on all the time. 

Constrains need to be applied to switches 𝑆13  and 𝑆26  to prevent short circuit 

between phase B and phase C. 𝑆26 should be complimentary to 𝑆12, and 𝑆13 should 

be complimentary to 𝑆25. 

2.2.2 Steady-State Analysis 

The analysis performed here is based on the assumption that the forward voltage 
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drop across the diodes and the MOSFETs is zero, and the rectifier diode 

capacitances are zero. In addition, it is also assumed that the output voltage is 

constant.  

The complete operation of the three-phase converter during one switching 

period 𝑇𝑆  by using HTL 6-segment PWM scheme is illustrated in Figure 2.11. 

Figure 2.11 shows the circuit waveforms of the transformer primary side voltage 

𝑉𝑃 and current 𝑖𝑃, the rectified secondary voltage 𝑉𝑑 and output inductor current 𝑖𝐿 

and the all switch gate signals in sector I (a) and (b). The duty loss caused by 

leakage inductance can be seen in the shade areas.  
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Figure 2.11 Circuit waveforms: primary side voltage and current, rectified secondary 

voltage and output inductor current and corresponding switch gate driver.  

(a) Duty-cycle loss analysis 

The duty-cycle loss ∆𝐷𝑥 , as shown in shade area in Figure 2.12, happens at 

vector transition from zero vectors to active vectors. During this interval, the 
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transformer secondary voltage 𝑉𝑆 is clamped to zero, and the primary current 𝑖𝑃 

swing from one direction to another, as a result, the input current contains two 

triangles A1 and A2, as shown in Figure 2.12. These two areas during interval ∆𝐷𝑥 

generate loss in the circulating current. 
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Figure 2.12 Waveforms of steady state operation in sector I(a) with 6-segment PWM 

scheme. 

The effective cycle is lower than he applied duty-cycle duty to the duty loss. If 

the applied duty-cycle is in sinusoidal shape, the effective duty-cycle is distorted. 

However, the phase current is determined by the effective duty-cycle, so the phase 

current is distorted and affect the input phase current THD. 

In 6-segment PWM, the vector transition from zero vector to active vector only 

contains 𝐼0⃑⃑⃑    to 𝐼𝑥⃑⃑⃑   , and only two transitions each switching cycle, so the primary 

duty-cycle can be denoted as  

𝑑𝑥(𝜃) = 𝑑𝑠𝑥(𝜃) + 2∆𝐷𝑥(𝜃)                                    (2.8) 
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𝑑𝑦(𝜃) = 𝑑𝑠𝑦(𝜃)                                            (2.9) 

where 𝑑𝑥(𝜃) and 𝑑𝑦(𝜃) denotes the primary side total duty-cycle of sub-topology 

x and y respectively, 𝑑𝑠𝑥(𝜃) and 𝑑𝑠𝑦(𝜃) denote the secondary side total duty-cycle 

of sub-topology x and y respectively, ∆𝐷𝑥(𝜃) denotes the duty loss caused by vector 

transition from zero vector to active vector.  

It is assumed that the output current ripple is small compared to the load current, 

so that  

𝑖𝐿 ≅ 𝐼𝑜                                                 (2.10) 

where 𝑖𝐿 is the output inductor current, and 𝐼𝑜 is the load current.  

The total duty-cycle loss of 6-segment PWM can be derived as: 

∆𝐷𝑡𝑜𝑡𝑎𝑙 = 2∆𝐷𝑥 = 
4𝑛𝐼𝑜𝐿𝑙𝑘

𝑉𝑃(𝜃)𝑇𝑠
                                 (2.11) 

where n is the transformer turns ratio, 𝐿𝑙𝑘 is the leakage inductance, 𝑇𝑠 is switching 

period, 𝑉𝑃(𝜃) is the voltage across 𝐿𝑙𝑘 during ∆𝐷𝑥, and θ is the angle displacement 

between 𝐼𝑟𝑒𝑓⃑⃑⃑⃑ ⃑⃑  ⃑ and α-axis of α-β plane. The waveform of 𝑉𝑃(𝜃) during interval -30˚ 

≤ θ < 30˚ is shown in Figure 2.13. According to the PWM scheme, the solid lines 

in Figure 2.14 can be derived to use to calculate the duty loss. At θ=0˚, the 

magnitude of 𝑉𝑃(𝜃) is minimum of 
3

2
𝑉𝑚, so the maximum duty loss is  

∆𝐷𝑡𝑜𝑡𝑎𝑙_𝑚𝑎𝑥 = 
8𝑛𝐼𝑜𝐿𝑙𝑘

3𝑉𝑚𝑇𝑠
                                      (2.12) 

where 𝑉𝑚 is the peak value of input phase voltage.   

At θ=±
𝜋

6
, the magnitude of 𝑉𝑃(𝜃) is maximum of √3𝑉𝑚, so the minimum duty-

cycle loss is  

∆𝐷𝑡𝑜𝑡𝑎𝑙_𝑚𝑖𝑛 = 
4𝑛𝐼𝑜𝐿𝑙𝑘

√3𝑉𝑚𝑇𝑠
                                      (2.13) 

Because the six sectors are symmetrical, the duty-cycle range of the 6-segment 

PWM scheme is [
4𝑛𝐼𝑜𝐿𝑙𝑘

√3𝑉𝑚𝑇𝑠
,
8𝑛𝐼𝑜𝐿𝑙𝑘

3𝑉𝑚𝑇𝑠
].  
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Figure 2.13 Envelope of transformer primary voltage 𝑉𝑃(𝜃). 

(b) Output inductor current ripple 

At θ=0˚, the off-time of secondary voltage 𝑉𝑑  is minimum of (1 − 𝑚𝑎)𝑇𝑠 . 

Therefore, the current ripple at θ=0˚ reaches minimum. Because the off-time of 𝑉𝑑 

is divided by two zero-volt intervals, the minimum current ripple is given by 

∆𝐼𝑚𝑖𝑛 =
𝑉𝑜(1−𝑚𝑎)𝑇𝑆

2𝐿𝑜
                                         (2.14) 

The minimum current ripple of 6-segment PWM is shown in Figure 2.14 (a).  

At θ=±
𝜋

6
, the total off-time of 𝑉𝑑 is maximum of (1 −

√3

2
𝑚𝑎)𝑇𝑠, so the current 

ripple reaches maximum and can be derived as  

∆𝐼𝑚𝑎𝑥 =
𝑉𝑜(1−

√3

2
𝑚𝑎)𝑇𝑆

2𝐿𝑜
                                       (2.15) 

As shown in Figure 2.14 (b), at θ=−
𝜋

6
, the 6-segment PWM scheme reaches 

maximum current ripple.     
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Figure 2.14 Waveforms of output inductor current ripple for 6-segment PWM. 

2.2.3 ZVS Operation Analysis 

The ZVS operation of the MOSFET switches are analyzed by using space vector 

modulation technique. The analysis is for sector I (a), interval -30˚≤ θ<0˚, and the 

analysis in sector I (b) and the rest of other five sectors are the same with the anlysis 

in sector I (a). In sector I (a), the three vectors involved in the ZVS operation are 

𝐼𝑥⃑⃑⃑  = 𝐼1⃑⃑   , 𝐼𝑦⃑⃑  ⃑ = 𝐼2⃑⃑⃑  , and 𝐼0⃑⃑⃑  = 𝐼0⃑⃑⃑  . The MOSFET parasitic capacitors are denoted as Cxx. 

For example, the parasitic capacitor of 𝑆11 is denoted as C11. And Dxx represents the 

parasitic diodes.  

Mode 1: As shown in Figure 2.15 (a), before the beginning of the switching cycle, 

at time t0- in Figure 2.11(a), the primary side current 𝑖𝑃 is freewheeling through the 
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four MOSFETs in phase A in negative direction, and switches 𝑆13 and 𝑆26 in phase 

B, and 𝑆15 and 𝑆22 in phase C are in on status due to voltage potential between the 

three phases. The primary voltage 𝑉𝑃 are clamped to zero. The current vector in this 

mode is 𝐼0⃑⃑⃑  . 

Mode 2: At the beginning of this mode, switch 𝑆24 is turned off. Then, the energy 

stored in the inductance 𝐿𝑙𝑘 starts to charge/discharge the parasitic capacitance of 

𝑆24, 𝑆16, 𝑆12, and 𝑆22 because of the resonant between them, as shown in Figure 

2.15 (b). The primary current 𝑖𝑃 starts falling down towards zero. At t1, the voltage 

across 𝑆16 reaches zero, and the parasitic diode 𝐷16 starts conducting, the voltage 

across 𝑆16 is clamped to zero.as shown in Figure 2.15 (c). At this time, the current 

𝑖𝑃 is still in negative direction. 𝑆16 turns on under zero voltage before 𝑖𝑃 changing 

direction. In order to achieve ZVS operation of 𝑆16, the energy stored in 𝐿𝑙𝑘 needs 

to be enough to charge the total capacitance of the four capacitors. The equivalent 

circuit of the process can be simplified as Figure 2.15 (d). The capacitors C12 and 

C22 are series connected and then parallel connected with C24 and C16. The 

transformer parasitic capacitors also need to be considered. During this process, the 

source voltages are constant, so they can be considered as short circuit. The 

equivalent capacitances can be calculated as: 

𝐶𝑒𝑞 =
5

2
𝐶0 + 𝐶𝑇𝑅                                         (2.16) 

where 𝐶0 is the output capacitance of each switch, 𝐶𝑇𝑅 is the transformer parasitic 

capacitor. The energy stored in 𝐿𝑙𝑘 should be enough to charge 𝐶𝑒𝑞 from t0 to t1 

status, that is, voltage from 0 to 𝑣𝐴𝐵. The minimum energy stored in 𝐿𝑙𝑘 required 

for ZVS is  

𝐸𝑙_𝑚𝑖𝑛 =
1

2
𝐿𝑙𝑘𝐼𝑝_𝑚𝑖𝑛

2                                      (2.17) 

The current 𝐼𝑝_𝑚𝑖𝑛 is the primary current 𝑖𝑝 at the end of the off-time of each 

switching cycle (at θ=π/6). 𝐼𝑝_𝑚𝑖𝑛 can be determined according to a few factors: 

such as the desired range of ZVS operation, and the duty cycle loss due to very 

large leakage inductance value. The energy in the capacitance is proportional to the 
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square of input line voltage. To achieve ZVS for all devices, the worst case occurs 

when 𝑣𝐴𝐵 is at highest value, the energy at the peak of 𝑣𝐴𝐵 is  

𝐸𝑐_𝑚𝑎𝑥 =
1

2
(√3𝑉𝑚)2𝐶𝑒𝑞                                   (2.18) 

Therefore, the minimum energy stored in 𝐿𝑙𝑘 , 𝐸𝑙_𝑚𝑖𝑛 , should be equal to the 

maximum energy needed by the equivalent capacitance, 𝐸𝑐_𝑚𝑎𝑥.  

Equating 𝐸𝑙_𝑚𝑖𝑛 and 𝐸𝑐_𝑚𝑎𝑥, and solving for 𝐿𝑙𝑘, gives 

𝐿𝑙𝑘 =
(√3𝑉𝑚)2𝐶𝑒𝑞

𝐼𝑝_𝑚𝑖𝑛
2                                           (2.19) 

At full load condition, the minimum value of leakage inductance, 𝐿𝑙𝑘, is around 

5.7μH. The value of 𝐿𝑙𝑘 also related to the load conditions, and it has to be adjusted 

to achieve desired ZVS range. At the end of this mode, the voltages across switches 

𝑆24, 𝑆26, 𝑆12, and 𝑆22 are 𝑣𝐴𝐵, 0, (𝑣𝐴𝐶 −
1

2
𝑣𝐴𝐵), 

1

2
𝑣𝐴𝐵 respectively.  

Mode 3: During this mode, the primary current 𝑖𝑃 ramps up from negative to 

positive direction. Before 𝑖𝑃 cross zero, S16 turns on at zero voltage (Figure 2.15(e)). 

At the end of this mode, 𝑖𝑃 reaches 𝑖𝐿, and 𝑣𝐴𝐵 appears across transformer primary 

side. Vector transition from 𝐼0⃑⃑⃑   to 𝐼1⃑⃑   complete (Figure 2.15(f)).  

Mode 4: Current vector 𝐼1⃑⃑   (Figure 2.15(f)). During this mode, the current flows 

from phase A to phase B, and energy transfers from primary side to secondary side. 

Before the end of this mode, 𝑆12 is turned on at t3 to prepare for the next step (Figure 

2.15(g)). There is turn on loss on 𝑆12  because the voltage across 𝑆12  is not zero 

when it is turned on. This mode ends when 𝑆16 is turned off at t4. 

Mode 5: Vector transition from 𝐼1⃑⃑   to 𝐼2⃑⃑⃑  . At t4, 𝑆16 is turned off, and the current 

𝑖𝑃  starts charging/discharging C24, C16 and C22 (Figure 2.15(h)).  The total 

equivalent capacitance can be calculated as  

𝐶𝑒𝑞 = 3𝐶0 + 𝐶𝑇𝑅                                           (2.20) 

During this interval, 𝐿𝑙𝑘 is in series with the secondary output inductor 𝐿𝑜, so 
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that the capacitors are charged/discharged by the combined energy stored in both 

𝐿𝑙𝑘 and 𝐿𝑜. Because the energy in 𝐿𝑜 is significantly larger than the energy stored 

in 𝐿𝑙𝑘, the ZVS operation can be easily achieved in this step.  

At t5, voltage across C22 is discharged to zero, D22 starts conducting (Figure 

2.15(i)). 𝑆22 are turned on under ZVS. At the end of this mode, vector transition 

from 𝐼1⃑⃑    to 𝐼2⃑⃑⃑    completes. The transformer primary side voltage is equal to line 

voltage 𝑣𝐴𝐶 .  

Mode 6: Current vector 𝐼2⃑⃑⃑    (Figure 2.15(j)). During this mode, the energy 

transfers from primary side to secondary side, and the line voltage 𝑣𝐴𝐶   appears 

across the transformer primary side. The AC current enters into phase A and returns 

from phase C. this mode ends when 𝑆12 is turned off.  

Mode 7: After S12 is turned off, current 𝑖𝑃 starts charging/discharging C12, C16 

and C24 (Figure 2.15(k)). When voltage across C24 reduces to zero and D24 starts 

conducting (Figure 2.15(l)). The voltage across 𝑆24 are clamped to zero, then 𝑆24 

is turned on at zero voltage.  

The total equivalent capacitance is the same as that in mode 5. And the combined 

energy in both 𝐿𝑙𝑘 and 𝐿𝑜 are used to charge/discharge capacitance. The ZVS can 

be easily achieved in this mode.  

Mode 8: Current vector 𝐼0⃑⃑⃑  . 

At this mode, the primary current is bypassed by phase A (Figure 2.15(m)). The 

primary voltage 𝑉𝑃  is clamped to zero. This mode ends when 𝑆11  is turned off, 

which the half cycle operation is completed. The second half cycle operation is 

similar to the first half and will not be discussed here.  
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(b) At t0-t1 
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(c) Diode conducts 
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(d) Equivalent circuit of the energy transferring process 
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(e) S16 turns on at zero voltage condition 
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(f) Primary current 𝑖𝑃 changes direction 
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(g) Current vector 𝐼1⃑⃑  . S12 turns on under non-ZVS 
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(h) At t4-t5 
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(i) D22 conducts 
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(j) Current vector 𝐼2⃑⃑⃑   
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(k) Energy transferring between 𝐿𝑙𝑘 and parasitic capacitors 
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(l) D24 starts conducting 
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(m) Current vector 𝐼0⃑⃑⃑   

Figure 2.15 ZVS operations of SQ2. 

2.3 Summary 

In this chapter, the two main ZVS PWM schemes for the three-phase isolated 

buck type matrix rectifier is presented. The operation principle, steady-states 

analysis, and ZVS operation are introduced in detail. For SQ1, there are two hard-

switch actions in each switching cycle. The minimum output inductor current ripple 

is lower than that of SQ2. However, the maximum output current ripple is higher 

than the maximum current ripple in SQ2. SQ2 only has two vector transition actions 

from zero vector to active vector, and SQ1 has four, so the duty-cycle loss of SQ2 is 

lower than duty-cycle loss of SQ1. For the same transformer, SQ1 could achieve two 

times of the switching frequency than SQ2.  

Inspired by the ZVS operation in SQ2 PWM, if removing the two switch actions 

between two active vectors, the ZVS operation for all switch actions could be 

achieved. By inserting a zero vector between the two active vectors, a new 

switching scheme by achieving all switching action operation under ZVS is 

proposed. The details of the proposed PWM scheme is described in Chapter 3.
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Chapter 3  

Proposed Improvement PWM Scheme of the Traditional 

8-Segment 

This chapter presents an improved PWM scheme of a traditional 8-segment 

PWM scheme with ZVS operation for a three-phase matrix rectifier. The switching 

sequence is 𝐼𝑥+
⃑⃑ ⃑⃑  ⃑, 𝐼0⃑⃑⃑  , 𝐼𝑦−

⃑⃑ ⃑⃑  ⃑, 𝐼0⃑⃑⃑  , 𝐼𝑦+
⃑⃑ ⃑⃑  ⃑, 𝐼0⃑⃑⃑  , 𝐼𝑥−

⃑⃑ ⃑⃑  ⃑, 𝐼0⃑⃑⃑  , denoted as SQ3. In SQ1, the traditional 8-

segment PWM scheme, there are a total of ten switch actions in each switching 

cycle, including two hard-switch actions. The three phases are all utilized to bypass 

the current in each switching cycle. The proposed switching method has three 

switch actions during each vector transition, which are two turn-off actions and one 

turn-on action when vector transits from zero vector to active vector, and two turn-

on actions and one turn-off action when vector transits from active vector to zero 

vector. There are a total of twelve switch actions in each switching cycle. The 

bypassing zero vector used in each switching cycle is the same phase leg. By pre-

turn-on some unused MOSFET devices, the ZVS operation of all devices can be 

achieved.  

The operation principle, steady-state analysis, and ZVS operations of SQ3 are 

presented in detail in this chapter. 

3.1 Operation Principles 

For the existing PWMs, all six sectors are divided into two parts, and the 

switching sequence is swapped in the middle of the sector. To prevent short circuit, 

some constrains need to be applied to the switching states. With the proposed PWM, 

the switching sequence and switching states in each sector are the same, which is 

much easier to implement. The proposed switching method also avoids the short-

circuit problem, and no constrains are needed. All switch states are decided by the 
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space vector and the transformer primary current direction. For example, in sector 

I, voltage potential vA is always higher than 𝑣𝐵 and 𝑣𝐶 . Switches 𝑆14 and 𝑆21 can 

be kept on all the time since the body diodes are forward biased. If 𝑖𝑃>0, switches 

𝑆13 and 𝑆15 can be kept on because the body diodes are forward biased. For the 

same reason, if 𝑖𝑃<0, switches 𝑆26 and 𝑆22 can be kept on.  

The state of synchronous rectification switches is only decided by the voltage of 

one phase. This method not only avoids the short-circuit problem, it also can easily 

achieve ZVS for all switches.  

Figure 3.1 shows the circuit operation waveforms within a 60˚ interval, with 

excessively decreased switching frequency 𝑓𝑠𝑤  so that the PWM details can be 

observed. Different shades are used to represent different sub-topologies, which are 

used to generate different parts of the waveforms. 

VAC

VAB

Sub-topology x Sub-topology y

-VAC

-VAB

0

Vp

2Vm

-2Vm

 
Figure 3.1 SQ3 PWM waveforms: primary side voltages. 

Figure 3.2 shows the complete operation of the three-phase converter during one 

switching period 𝑇𝑆 . It shows the circuit waveforms of primary voltage 𝑉𝑃  and 
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current 𝑖𝑝, the rectified secondary voltage 𝑉𝑑 and output inductor current 𝑖𝐿 and the 

corresponding switch gate signals in sector I. Duty loss (shaded area) caused by 

leakage inductance can be observed when the primary side current changes 

directions. Duty loss will influence effective dwell time, and that can cause grid 

side current distortion.   

 
Figure 3.2 Circuit waveforms: primary voltage and current, rectified secondary voltage 

and output inductor current and corresponding switch gate driver in Sector I. 

In sector I, due to the highest voltage potential of 𝑣𝐴, switches 𝑆21 and 𝑆14 are 

kept on all the time. The commutation state machine is shown in Figure 3.3. The 

switching states and space vectors for the SQ3 PWM scheme in sector I are 

summarized in Table 3.1, where “1” represents on-state, and “0” represents off-

state. 
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Figure 3.3 Finite commutation state machine in Sector I for SQ3. (S21, S14 are kept on all 

the time). 

Table 3.1. Switching states and space vectors of SQ3 in Sector I 

Space vectors 𝑆21 𝑆11 𝑆24 𝑆14 𝑆23 𝑆13 𝑆26 𝑆16 𝑆25 𝑆15 𝑆22 𝑆12 

𝐼𝑥+
⃑⃑ ⃑⃑  ⃑ 1 1 0 1 0 1 1 1 0 1 0 0 

𝐼0⃑⃑⃑   1 1 1 1 0 1 1 0 0 1 1 0 

𝐼𝑦−
⃑⃑⃑⃑⃑⃑  1 0 1 1 0 0 1 0 1 1 1 0 

𝐼0⃑⃑⃑   1 1 1 1 0 1 1 0 0 1 1 0 

𝐼𝑦+
⃑⃑⃑⃑⃑⃑  1 1 0 1 0 1 0 0 0 1 1 1 

𝐼0⃑⃑⃑   1 1 1 1 0 1 1 0 0 1 1 0 

𝐼𝑥−
⃑⃑ ⃑⃑  ⃑ 1 0 1 1 1 1 1 0 0 0 1 0 

𝐼0⃑⃑⃑   1 1 1 1 0 1 1 0 0 1 1 0 

3.2 Steady-State Analysis 

The transformer leakage inductance causes duty-cycle loss when vector 

transition is from zero vector to active vectors, as shown in the shade area of Figure 

3.2. As a result, the secondary side voltage pulses are shorter than the primary side. 

The duty-cycle losses and current ripple are analyzed in this section.  

The analysis in this section is based on the assumption that the transformer is 

ideal and the forward voltage drop across all diodes and MOSFETs is zero. It is also 

assumed that the output voltage 𝑉𝑜 is constant. 
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3.2.1 Duty-Cycle Analysis 

The ZVS operation of the converter is achieved by utilizing transformer leakage 

inductance, which reduces the effective duty-cycle. The duty loss increases the 

conduction loss and limits the conversion efficiency and power density. The duty-

cycle loss happened at the vector transition from zero vectors to active vectors due 

to the finite transition time depending on the value of 𝐿𝑙𝑘 and the primary voltage 

𝑉𝑃 as shown in Figure 3.4 in the shaded area ∆𝐷𝑥 and ∆𝐷𝑦. During these intervals, 

primary current 𝑖𝑃 changes direction and there is no energy transfer from the AC 

side to the DC side. 
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 Figure 3.4 Duty losses of SQ3 when 𝐼𝑟𝑒𝑓⃑⃑ ⃑⃑ ⃑⃑  ⃑ located at -30° < 𝜃 < 0°. 

During the duty loss interval, the transformer primary current 𝑖𝑃  is linearly 

ramping from one direction to another. It is assumed that the output current ripple 

is ignorable compared to the load current. 𝐼𝑑 is the total variation of 𝑖𝑃 which is 

determined by the load current, and is given by: 

𝐼𝑑 = 2𝑛𝐼𝑜                                                (3.1) 

The duty-cycle loss in each transition can be calculated as [43]: 

∆𝐷 =
2𝑛𝐼𝑜𝐿𝑙𝑘

𝑣𝑃(𝜃)𝑇𝑆
                                                (3.2) 
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where 𝑣𝑃(𝜃) is the voltage across the leakage inductance 𝐿𝑙𝑘 during the duty loss 

interval, and the angle 𝜃 is the angle displacement between the current reference 

vector 𝐼𝑟𝑒𝑓⃑⃑⃑⃑ ⃑⃑  ⃑  and the angle of α -axis of the α-β plane. 𝑣𝑃(𝜃)  is depending on the 

angle 𝜃 as shown in Figure 3.5. The blue curve is used to calculate ∆𝐷𝑥, and pink 

curve is used to calculate ∆𝐷𝑦. 

3/2 Vm

VAB VAC

θ = -π/6 

-VAB -VAC

θ = π/6 θ = 0 

 
Figure 3.5 Envelope of transformer primary voltage 𝑉𝑃(𝜃). 

The maximum duty loss of SQ3 is obtained when the magnitude of 𝑣𝑃(𝜃)  is 

minimum at 𝜃 = ±30°. The magnitudes of 𝑣𝑃(𝜃) for two voltage pulses are √3𝑉𝑚, 

and 
√3𝑉𝑚

2
 respectively. 

∆𝐷𝑡𝑜𝑡𝑎𝑙_𝑚𝑎𝑥 =
12𝑛𝐼𝑜𝐿𝑙𝑘

√3𝑉𝑚𝑇𝑆
                                       (3.3) 

The minimum duty loss happens at 𝜃 = 0°, and is given by: 

∆𝐷𝑡𝑜𝑡𝑎𝑙_𝑚𝑖𝑛 =
16𝑛𝐼𝑜𝐿𝑙𝑘

3𝑉𝑚𝑇𝑆
                                         (3.4) 

Under the same condition, the duty losses of SQ1 and SQ3 are the same, because 

they both have two vector transitions from 𝐼0⃑⃑⃑    to 𝐼𝑥⃑⃑⃑   , and two vector transitions 
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from 𝐼0⃑⃑⃑   to 𝐼𝑦⃑⃑  ⃑.  

3.2.2 Output Inductor Current Ripple 

The output inductor current ripple at steady state is determined by the off-time 

of the secondary voltage 𝑉𝑑. The off-time of 𝑉𝑑 consists of the dwell time of zero 

vectors and the duty loss time. Compared with the dwell time of zero vector, the 

duty loss interval is very small, to the point that it is ignored. Figure 3.6 shows the 

output current ripple of SQ3 PWM varying with phase angle θ due to the variable 

off-time of 𝑉𝑑. 

At θ=0°, the total off-time of the secondary voltage 𝑉𝑑 is at the minimum and is 

given by (1 − 𝑚𝑎)𝑇𝑠, therefore the current ripple reaches the minimum value at 

θ=0˚. The off-time of 𝑉𝑑 is divided into four intervals.  

The minimum current ripple is  

∆𝐼𝑚𝑖𝑛 =
𝑉𝑜(1−𝑚𝑎)𝑇𝑆

4𝐿𝑜
                                         (3.5) 

At θ=±30°, the total off-time of secondary voltage 𝑉𝑑 is the maximum and can 

be derived as (1 −
√3

2
𝑚𝑎)𝑇𝑠. Therefore, the output current ripple reaches maximum 

value. The two pulses of 𝐼𝑦+and 𝐼𝑦−on the secondary side disappear so that the three 

off-time intervals merge into one large interval as shown in Figure 3.6 (c).  

The maximum current ripple of SQ3 is  

∆𝐼𝑚𝑎𝑥 =
3𝑉𝑜(1−

√3

2
𝑚𝑎)𝑇𝑆

4𝐿𝑜
                                       (3.6) 
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(a) θ=0˚ 
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(b) −30° ≤  𝜃 < 0°     
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(c) θ=−30° 

Figure 3.6 Waveforms of the duty-cycle loss and the output current ripple for SQ3 PWM 

schemes. 

3.3 ZVS Operation Analysis  

Since for the proposed PWM scheme, with the only vector transition being 

between active vector and zero vector, the ZVS operation analysis only focuses on 

one example of vector transition from zero vector to active vector (𝐼0−
⃑⃑ ⃑⃑  ⃑ to 𝐼1+

⃑⃑ ⃑⃑  ⃑) and 

one example from active vector to zero vector (𝐼1+
⃑⃑ ⃑⃑  ⃑ to 𝐼0+

⃑⃑ ⃑⃑  ⃑) in sector I. The same 

analysis can be applied to the other vector transitions and the rest of other five 

sectors. “𝐶𝑥𝑥” and “𝐷𝑥𝑥” represent the output capacitance and parasitic diode of 

“𝑆𝑥𝑥”. 

(a) Vector transition from zero vector 𝑰𝟎−
⃑⃑ ⃑⃑ ⃑⃑  to active vector 𝑰𝟏+

⃑⃑ ⃑⃑ ⃑⃑  (t0 to t3 in Figure 

3.2) 

At t0-, the transformer primary side current 𝑖𝑃 is circulating through phase A. The 

primary side voltage 𝑣𝑃 is clamped to zero. The current vector is 𝐼0−
⃑⃑ ⃑⃑  ⃑ in this mode, 

as shown in Figure 3.7 (a).  



 

56 

 

At t0, 𝑆24 and 𝑆22 are turned off. Energy stored in leakage inductance 𝐿𝑙𝑘 starts 

transferring to output capacitances of 𝑆24, 𝑆16, 𝑆22, and 𝑆12 as shown in Figure 3.7 

(b). The primary current 𝑖𝑃 also starts resonating down to zero.  

At t1, when voltage across 𝑆16 reaches zero, D16 starts conducting as shown in 

Figure 3.7 (d), and the voltage of switch 𝑆16 is clamped to zero. At t2, before 𝑖𝑃 

cross zero, 𝑆16 is turned on at zero voltage. In order to achieve ZVS of 𝑆16, energy 

stored in 𝐿𝑙𝑘 should be enough to charge the total equivalent capacitance of C24, 

C16, C22, and C12. The simplified circuit of resonant process is shown in Figure 3.7 

(c). The transformer capacitance is also considered part of the total equivalent 

capacitance. The total equivalent capacitance can be calculated as  

𝐶𝑒𝑞 =
5

2
𝐶𝑜 + 𝐶𝑇𝑅                                              (3.7) 

where 𝐶𝑜  is output capacitance of MOSFET. 𝐶𝑇𝑅  is the transformer capacitance. 

The optimum deadtime 𝜏 (t0 to t2) can be estimated as [35] 

τ =
𝜋

2
√𝐿𝑙𝑘𝐶𝑒𝑞                                                (3.8) 

At t3, 𝑖𝑃  reaches 𝑖𝐿  and as a result line voltage 𝑣𝐴𝐵  appears across the 

transformer primary side and vector transition from 𝐼0−
⃑⃑ ⃑⃑  ⃑  to 𝐼1+

⃑⃑ ⃑⃑  ⃑  complete. At this 

moment, the voltage across 𝑆24 , 𝑆16 , 𝑆22 , and 𝑆12  are 𝑣𝐴𝐵 , 0, 
1

2
𝑣𝐴𝐵 , and (𝑣𝐴𝐶 −

1

2
𝑣𝐴𝐵) respectively.  

(b) Vector transition from active vector 𝑰𝟏+
⃑⃑ ⃑⃑ ⃑⃑  to zero vector 𝑰𝟎+

⃑⃑ ⃑⃑ ⃑⃑  (t4 to t6) 

At t =[t3, t4], the current vector is 𝐼1+
⃑⃑ ⃑⃑  ⃑. At t4, 𝑆16 is turned off, and the transformer 

primary side current 𝑖𝑃 starts charging capacitances, as shown in Figure 3.7 (g).   

At t5, voltage across C24 reduces to zero and D24 starts conducting (Figure 3.7 

(k)). At the same time, voltage across capacitance C22 reduces to zero, and D22 starts 

conducting. 𝑆24 and 𝑆22 are turned on at zero voltage at t6. The primary voltage 𝑣𝑃 

is clamped to zero. Vector transition from active vector to zero vector operation is 

completed. At this moment, the voltage across 𝑆24, 𝑆16, 𝑆22, and 𝑆12 are 0, 𝑣𝐴𝐵,  0, 
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and 𝑣𝐴𝐶   respectively. The total equivalent capacitance to be charged to achieve 

ZVS is the same as that from zero vector to active vector, and the combined energy 

stored in both 𝐿𝑙𝑘 and 𝐿𝑜 is used to charge/discharge equivalent capacitance. ZVS 

can be easily achieved.  

During t=[t6, t7], the primary voltage 𝑣𝑃  is clamped to zero. Primary current 

freewheeling is through S11, D21, S14 and D24.  The current vector is 𝐼0+
⃑⃑ ⃑⃑  ⃑. 

The rest of the vector transitions between active vector and zero vector operation 

are similar to the analyzed part and will not be discussed here. 
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(a) Current vector 𝐼0−
⃑⃑ ⃑⃑  ⃑ 
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(b) Resinance between inductor and capacitors 
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(c) Equivalent circuit 
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(d) D16 conducts 
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(e) S16 turns on under ZVS 
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(f) Current changes direction 
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(g) Resoncance between inductance and capacitances 
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(h) D24 and D22 conduct 
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(i) S24 and S22 turn on under ZVS 

Figure 3.7 ZVS operation of SQ3. 

3.4 Summary 

In this chapter, a novel PWM ZVS scheme for the three-phase isolated matrix 

rectifier is proposed. The proposed PWM scheme is inspired by the 6-segment 

PWM scheme described in Chapter 2. By inserting a zero vector between two active 

vectors, the two hard-switching actions can be removed. Thus, all twelve switches 

can be turned on under ZVS at any time during each switching cycle. The turn-on 

switching loss can be totally removed. As a result, this PWM scheme can be used 

at a higher switching frequency than the 6-segment PWM scheme. Different from 

the traditional 8-segment PWM scheme, the proposed PWM is symmetrical each 

half switching cycle, so that the implementation is easier.  

This chapter presented a detailed analysis of the proposed PWM scheme, 

including operation principle, steady-state analysis, and ZVS operation. The 
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comparison between three PWM schemes is presented in the next chapter.
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Chapter 4  

Comparison of Three PWM Schemes 

This chapter presents a comparison between two existing PWM schemes in 

Chapter 2 and the proposed PWM scheme in Chapter 3 for the three-phase buck-

type isolated matrix rectifier. The duty-cycle loss, power quality, and power loss of 

the three PWMs are compared.  

4.1 Analysis of Duty-Cycle Loss 

 The three-phase converter uses the resonance between transformer leakage 

inductance and parasitic capacitances to achieve ZVS at a price of reduction of 

effective duty-cycle. Duty-cycle loss happens at vector transition from zero vectors 

to active vectors due to the finite transition time which depends on the value of 𝐿𝑙𝑘 

and the primary voltage 𝑉𝑃, as shown in the shaded areas of Figure 4.1. During this 

interval, the primary side current changes direction. The current mismatch between 

the transformer primary side current and secondary output inductor current causes 

duty-cycle loss. All four diodes on the secondary side are in on-state as shown in 

the previous chapters, and no power is delivered to the load side. The duty-cycle 

loss increases the circulating current and conduction losses and decreases the 

conversion efficiency and power density.  

The shaded areas of Figure 4.1 show the duty-cycle losses of three different 

PWM schemes in one switching cycle during the interval −30° ≤  𝜃 < 0°. For the 

two 8-segment PWMs, SQ1 and SQ3, there are four duty-cycle loss intervals. For 

the 6-segment PWM, SQ2, there are two duty-cycle loss intervals.  
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(a) SQ1 
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(b) SQ2 
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(c) SQ3 

Figure 4.1 Duty-cycle losses in three PWMs during −30° ≤  𝜃 < 0°. 

As stated in Chapter 3, the 8-segment PWMs have four duty-cycle loss intervals. 

The total duty-cycle loss of SQ1 and SQ3 can be derived as: 

∆𝐷𝑡𝑜𝑡𝑎𝑙 = 2∆𝐷𝑥 + 2∆𝐷𝑦=
4𝑛𝐼𝑜𝐿𝑙𝑘

𝑉𝑃(𝜃)_𝑥𝑇𝑆
 + 

4𝑛𝐼𝑜𝐿𝑙𝑘

𝑉𝑃(𝜃)_𝑦𝑇𝑆
                      (4.1) 

where 𝑉𝑃(𝜃)_𝑥 and 𝑉𝑃(𝜃)_𝑦 are the voltage across the leakage inductance during 

interval ∆𝐷𝑥  and ∆𝐷𝑦 , respectively. The voltage 𝑉𝑃(𝜃)  is one of the three line 

voltages depending on the angle θ as shown in Figure 4.2 (a); the blue curve 

indicates 𝑉𝑃(𝜃)_𝑥 and the pink curve indicates 𝑉𝑃(𝜃)_𝑦 during sector I.  

The 6-segment PWM only has two vector transitions from zero vector to active 

vector, so that only two intervals ∆𝐷𝑥 contribute to the duty loss, as shown in Figure 

4.1(b). The transformer voltage 𝑉𝑃(𝜃) corresponding to angle θ is shown in Figure 

4.2 (b), the solid curve.  

The total duty-cycle loss of SQ2 can be expressed as: 
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∆𝐷𝑡𝑜𝑡𝑎𝑙 = 2∆𝐷𝑥=
4𝑛𝐼𝑜𝐿𝑙𝑘

𝑉𝑃(𝜃)𝑇𝑆
                                          (4.2) 

3/2 Vm
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θ = -π/6 

-VAB -VAC

θ = π/6 θ = 0 

 

(a) Envelope of 𝑉𝑃(𝜃)_𝑥 and 𝑉𝑃(𝜃)_𝑦 in 8-segment PWMs 
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(b) Envelope of 𝑉𝑃(𝜃)_𝑥 in 6-segment PWMs 

Figure 4.2 Envelope of 𝑉𝑃(𝜃).  
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As shown in equation 4.1 and 4.2, the maximum duty-cycle loss happens at 

𝑉𝑃(𝜃)  is the minimum, and minimum duty loss that happens at 𝑉𝑃(𝜃)  is the 

maximum.  

For 8-segment PWMs, SQ1 and SQ3, at θ=0˚, VP(θ)_x = VP(θ)_y=
3

2
Vm, the duty 

loss reaches the minimum, which is: 

∆𝐷𝑡𝑜𝑡𝑎𝑙_𝑚𝑖𝑛_8𝑠𝑒𝑔 =
16𝑛𝐼𝑜𝐿𝑙𝑘

3𝑉𝑚𝑇𝑆
                                     (4.3) 

At θ=±30° , 𝑉𝑃(𝜃)_𝑥  and 𝑉𝑃(𝜃)_𝑦  reach extremum √3𝑉𝑚  and √3/2𝑉𝑚 . The 

duty loss reaches a maximum of: 

∆𝐷𝑡𝑜𝑡𝑎𝑙_𝑚𝑎𝑥_8𝑠𝑒𝑔 =
12𝑛𝐼𝑜𝐿𝑙𝑘

√3𝑉𝑚𝑇𝑆
                                    (4.4) 

For the 6-segment PWM, SQ2, the maximum duty-cycle loss happens at θ=0˚, 

𝑉𝑃(𝜃) =
3

2
𝑉𝑚, and is given by: 

∆𝐷𝑡𝑜𝑡𝑎𝑙_𝑚𝑎𝑥_6𝑠𝑒𝑔 =
8𝑛𝐼𝑜𝐿𝑙𝑘

3𝑉𝑚𝑇𝑆
                                    (4.5) 

At θ=±30°, 𝑉𝑃(𝜃) reaches the maximum √3𝑉𝑚, and the minimum duty loss is: 

∆𝐷𝑡𝑜𝑡𝑎𝑙_𝑚𝑖𝑛_6𝑠𝑒𝑔 =
4𝑛𝐼𝑜𝐿𝑙𝑘

√3𝑉𝑚𝑇𝑆
                                    (4.6) 

The total duty losses of the three presented PWMs are compared in Table 4.1 at 

a different angle θ. The total duty-cycle loss is related to transformer leakage 

inductance, 𝐿𝑙𝑘, transformer turns ratio, n, and modulation index, 𝑚𝑎, and PWM 

switching frequency, 𝑓𝑠𝑤. For SQ2, the PWM switching frequency and transformer 

switching frequency are the same, 𝑓𝑠𝑤. For SQ1 and SQ3 with 𝑓𝑠𝑤 PWM switching 

frequency, the transformer switching frequency is 2𝑓𝑠𝑤. Table 4.1 shows the duty 

loss of the 8-segment PWMs and 6-segment PWM with PWM switching frequency 

𝑓𝑠𝑤, and 8-segment PWMs with PWM switching frequency 
1

2
𝑓𝑠𝑤, that is, with same 

transformer switching frequency as for the 6-segment. In order to make the 

comparison clear, the total duty loss of SQ2 at θ=0˚ with PWM switching frequency 

𝑓𝑠𝑤 is set as a base.   
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Table 4.1. Comparison of normalized total duty-cycle losses 

Total duty losses SQ1 and SQ3 (𝑓𝑠𝑤) SQ2(𝑓𝑠𝑤) SQ1 and SQ3 (
1

2
𝑓𝑠𝑤) 

θ=±30° 2 1 (base) 1 

-30° ≤  𝜃 < 0°, 
0° ≤  𝜃 < 30°, 2<∆𝐷𝑡𝑜𝑡𝑎𝑙 <

3√3

2
 

√3

2
< ∆𝐷𝑡𝑜𝑡𝑎𝑙 < 1 1<∆𝐷𝑡𝑜𝑡𝑎𝑙 <

3√3

4
 

θ=±30° 
3√3

2
 

√3

2
 

3√3

4
 

4.2 Power Quality 

The comparison in this section consists of two parts: the first part is the output 

inductor current ripple comparison within one sector, and the second part is the 

power quality comparison during sector crossing.   

4.2.1 Output Inductor Current Ripple within Each Sector 

The output inductor current ripple at steady state varies with the phase angle θ. 

It can be calculated by using the equation 𝑉 = 𝐿
𝑑𝑖

𝑑𝑡
, where V and L are constants, 

so that the current ripple is determined by the off-time of secondary voltage 𝑉𝑑. The 

off-time of secondary voltage consists of the dwell time of zero vectors and the duty 

loss time intervals. The 6-segment PWM, SQ2, has two zero vectors, so the off-time 

of 𝑉𝑑 is divided into two intervals as shown in Figure 4.3 (b). The 8-segment PWMs, 

SQ1 and SQ3, contains four zero vectors, so the off-time of 𝑉𝑑 is divided into four 

intervals as shown in Figure 4.3 (a) and (c). 
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 θ=0°                                -30° ≤  𝜃 < 0°                             θ=-30°                

(c) SQ3 

Figure 4.3 Waveforms of output inductor current ripple for three PWMs.  

For all three PWMs, at θ=0°, the off-time of 𝑉𝑑 is the minimum and is given by 

(1-𝑚𝑎)𝑇𝑆. Therefore, the current ripple for all three PWMs reach the minimum at 

θ=0°. The minimum current ripple for 6-segment PWM, SQ2, and 8-segment PWM, 

SQ1 and SQ3, can be expressed as ∆𝐼𝑚𝑖𝑛 _6𝑠𝑒𝑔 and ∆𝐼𝑚𝑖𝑛 _8𝑠𝑒𝑔 respectively, and are 

given by [48]: 

∆𝐼𝑚𝑖𝑛 _6𝑠𝑒𝑔 =
𝑉𝑜(1−𝑚𝑎)𝑇𝑆

2𝐿𝑜
                                       (4.7) 

∆𝐼𝑚𝑖𝑛 _8𝑠𝑒𝑔 =
𝑉𝑜(1−𝑚𝑎)𝑇𝑆

4𝐿𝑜
                                       (4.8) 

The minimum current ripple of SQ1 and SQ3 are only half of that of SQ2.  

At θ=± 30°, the off-time of 𝑉𝑑  is the maximum and is given by (1-
√3

2
𝑚𝑎 )𝑇𝑆 . 

Therefore, the current ripple for all three PWMs reach the maximum at θ=±30°. 

For SQ2, the off-time is still divided by two intervals. However, for SQ1 and SQ3, 
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two of the voltage pulses disappear at θ=±30°, so that three zero vector intervals 

merge into one large interval as shown in Figure 4.3. Assuming that the duty-cycle 

losses are relatively small and can be ignored, the maximum current ripple of the 

6-segment PWM, SQ2, and 8-segment PWM, SQ1 and SQ3, can be expressed as 

∆𝐼𝑚𝑎𝑥_6𝑠𝑒𝑔 and ∆𝐼𝑚𝑎𝑥_8𝑠𝑒𝑔 respectively, and are given by [48]: 

∆𝐼𝑚𝑖𝑛 _6𝑠𝑒𝑔 =
𝑉𝑜(1−

√3

2
𝑚𝑎)𝑇𝑆

2𝐿𝑜
                                      (4.9) 

∆𝐼𝑚𝑖𝑛 _8𝑠𝑒𝑔 =
3𝑉𝑜(1−

√3

2
𝑚𝑎)𝑇𝑆

4𝐿𝑜
                                   (4.10) 

The envelope of the output inductor current ripple of the 6-segment PWM and 

8-segment PWMs is shown in Figure 4.4. The minimum envelope of the current 

ripple at 𝜃 = 0° in SQ1 and SQ3 is lower than SQ2, while the maximum current 

ripple at 𝜃 = ±30° in SQ1 and SQ3 is higher than in SQ2. The missing two voltage 

pulses cause larger ripples at 𝜃 = ±30° in SQ1 and SQ3.  

6


 −=

0=

6


 =

 

(a) SQ2                     

6
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(b) SQ1 and SQ3 

Figure 4.4 Envelope of output inductor current ripple.  
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4.2.2  Power Quality during Sector Crossing  

This section analyzed the power quality of the input phase current during sector 

crossing. Take sector transition from sector I to sector II as an example, as shown 

in the shaded area of Figure 4.5, when phase angle θ is across 30˚, with an 

excessively increased switching period, PWM details can be observed.  

 
Figure 4.5 Input phase voltage. 

Figure 4.6 shows the secondary side voltage 𝑉𝑑  and current 𝐼𝐿  during four 

switching periods near θ=30˚ of the three PWMs. The first two switching cycles are 

in sector I, and the last two switching cycles belong to sector II. The secondary side 

current reflects the primary side current because of the relationship 𝐼𝑝 = 𝑛𝐼𝐿, and 

thereby reflects the power quality of the input phase currents.  

As can be seen in Figure 4.6, in SQ1, before sector crossing, the two voltage 

pulses corresponding to the current vector 𝐼1⃑⃑   disappear, and the other two voltage 

pulses corresponding to the current vector 𝐼2⃑⃑⃑   reach the maximum. In the first cycle 

of sector II, the first two voltage pulses corresponding to 𝐼2⃑⃑⃑   are in their maximum, 

while the second two pulses corresponding to vector 𝐼3⃑⃑⃑   disappear. The combination 

of the four pulses causes a large current ripple in the input phase current. For SQ2, 

the vector sequence is swapped in the center of each sector. For example, in sector 

I, the vector sequence in the first half of the sector is 𝐼1+
⃑⃑ ⃑⃑  ⃑, 𝐼2+

⃑⃑ ⃑⃑  ⃑, 𝐼0⃑⃑⃑  , 𝐼1−
⃑⃑ ⃑⃑  ⃑, 𝐼2−

⃑⃑ ⃑⃑  ⃑, 𝐼0⃑⃑⃑  , while 

in the second half of the sector the sequence is swapped to 𝐼2+
⃑⃑ ⃑⃑  ⃑, 𝐼1+

⃑⃑ ⃑⃑  ⃑, 𝐼0⃑⃑⃑  , 𝐼2−
⃑⃑ ⃑⃑  ⃑, 𝐼1−

⃑⃑ ⃑⃑  ⃑, 𝐼0⃑⃑⃑   

to maintain the voltage waveform in an HTL pattern. In this way, the amplitude of 

voltage 𝑉𝑑 reaches the maximum during sector crossing. As a result, the secondary 

current ripple does not experience a sudden jump, and will not cause oscillation in 
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the input current. In SQ3, the sequence patterns before and after sector crossing do 

not change, so that the input current oscillation is smaller compared to the current 

oscillation in SQ1. 

θ = 30゜ 
Sector I

TS TS TS TS

IL
Vd

SQ1

ILVdSQ2

IL VdSQ3

I2+ I0I1+ I2- I0I1- I2+ I0 I2- I0 I2+ I0 I2- I0 I2+ I0I3+ I2- I0I3-

I1+I0 I0 I0 I0I1- I2+ I2- I0 I0I2+ I2-I0 I0 I0 I0I2+ I2- I0 I0 I0 I0I2+ I2- I3+ I3-I0 I0

I1- I0 I0I1+I2+ I0I0 I2- I2+ I0 I0 I2-I0 I0 I3+ I0 I0 I3-I0 I0 I2- I0 I0I2+I3+ I0I0 I3-

  
Figure 4.6 Secondary side voltage and current of three PWMs during sector crossing. 

Figure 4.7 shows two sets of waveforms of SQ2 in four switching cycles: the first 

set is during sector crossing when θ=30˚, and the second set is in the center of sector 

I when θ=0˚. Because the vector sequence swapped in the middle of sector, as 

discussed earlier, the voltage waveform is in an HTL pattern and reaches the 

maximum during sector crossing. As a result, the secondary current ripple does not 

experience a sudden jump, and will not cause oscillation in the input current. When 

the reference vector crosses sub-sectors, at θ=0˚, the vector sequence is swapped to 

maintain a voltage HTL pattern, which causes a small sudden jump in current 

between the two phases.  

SQ2 θ =30゜ 
Sector I

TS TS TS TS

θ =0゜ 
Sector I

TS TS TS TS

Vd IL

Vd IL

I2+ I0I1+ I2- I0I1- I2+ I0 I2- I0 I2+ I0 I2- I0 I2+ I0I3+ I2- I0I3-

I1+ I0I2+ I1- I0I2- I2+ I0 I2- I0I1-I1+ I0 I1- I0 I2+ I0 I2- I0

 

Figure 4.7 Secondary side voltage and current of SQ2 when θ=30˚ and θ=0˚. 
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Figure 4.8 shows the simulation results of the input phase current of the three 

PWMs; the current oscillations at different locations can be observed as shown in 

red circles. For SQ1 and SQ3 , the current spikes happen at sector crossing, while for 

SQ2  the current sudden jump is near the center of each sector. Compared with SQ1 , 

the vector sequence of SQ3 partly lowers the input current oscillation, thereby the 

power quality of SQ3 is improved.  
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(c) SQ3 

Figure 4.8 Simulation results of the input phase current of three PWMs. 

4.3 Power Loss Comparison 

The power loss comparison of the three PWMs are analyzed in this section. The 

analysis is based on the switching operation during the interval −30° ≤  𝜃 < 0°, 

corresponding to sector I (a), and this remains true for all the sectors due to the 

symmetry of the switching patterns. All the data used to calculate the power loss 

are from the data-sheet and the simulation.  

The power loss in the converter mainly can be divided into two groups: 

conduction loss, 𝑃𝐶 , and switching loss, 𝑃𝑆 . The conduction loss of each power 

device is the power loss when the device is in on-state, which includes conduction 

loss of MOSFETs, 𝑃𝐶𝑀 , and conduction loss of diodes, 𝑃𝐶𝐷 . The switching loss 

includes MOSFETs turn-on loss and turn-off loss, diode turn-on and turn-off loss.   

The ZVS operation of the converter with SQ1 PWM partly removed the turn-on 

loss, so only two MOSFETs are counted to calculate the turn-on loss. For SQ3 PWM, 

all twelve MOSFETs are turned on at zero voltage, so there is no turn-on loss with 

this PWM scheme. For SQ2 PWM, there are also two hard-switch actions in each 

switching cycle.  



 

73 

 

4.3.1 Conduction Loss  

The conduction loss of the converter consists of MOSFET conduction loss and 

diode conduction loss. The MOSFET conduction loss, 𝑃𝐶𝑀 , can be calculated by 

using the equation below: 

𝑃𝐶𝑀 = 𝑅𝑑𝑠 ∗ 𝑖𝑑𝑠
2 ∗

𝑡_𝑑𝑢𝑡𝑦

𝑇𝑠
                                  (4.11) 

where 𝑅𝑑𝑠 is the drain-source on-state resistance, and 𝑖𝑑𝑠 is the MOSFET on-state 

current, which is sampled from the simulation. 𝑡_𝑑𝑢𝑡𝑦 is the conduction time of the 

MOSFET, and 𝑇𝑠 is the switching period.  

The conduction loss of the diode can be calculated as [94]:  

𝑃𝐶𝐷 = (𝑈𝑑0 ∗ 𝑖𝑑𝑠 + 𝑅𝑑 ∗ 𝑖𝑑𝑠
2) ∗

𝑡_𝑑𝑢𝑡𝑦

𝑇𝑠
                        (4.12) 

where 𝑈𝑑0  is the diode on-state zero-current voltage. 𝑅𝑑  is the diode on-state 

resistance.  

Table 4.2, 4.3, and 4.4 list the conduction devices of each space vector and 

corresponding dwell time in sector I (a) of SQ1, SQ2,and SQ3 respectively.  

Table 4.2. Conduction devices of SQ1 

Space 

vector 

Gate signals on conduction 

devices 

Conduction 

diode 

Conduction 

MOSFET 

Dwell 

time 

I1+ g21 g11 g26 g16 D21 D26 S11 S16 1/2*d1 

I0+ g23 g13 g26 g16 D23 D26 S13 S16 1/4*d0 

I1- g24 g14 g23 g13 D13 D14 S23 S24 1/2*d1 

I0- g21 g11 g24 g14 D11 D14 S21 S24 1/4*d0 

I2+ g21 g11 g22 g12 D21 D22 S11 S12 1/2*d2 

I0+ g25 g15 g22 g12 D25 D22 S15 S12 1/4*d0 

I2- g24 g14 g25 g15 D14 D15 S24 S25 1/2*d2 

I0- g21 g11 g24 g14 D11 D14 S21 S24 1/4*d0 
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Table 4.3. Conduction devices of SQ2 

Space 

vector 

Gate signals on conduction 

devices 

Conduction 

diode 

Conduction 

MOSFET 

Dwell 

time 

I1+ g21 g11 g26 g16 D21 D26 S11 S16 1/2*d1 

I2+ g21 g11 g22 g12 D21 D22 S11 S12 1/2*d2 

I0+ g21 g11 g24 g14 D21 D24 S11 S14 1/2*d0 

I1- g24 g14 g23 g13 D13 D14 S23 S24 1/2*d1 

I2- g24 g14 g25 g15 D14 D15 S24 S25 1/2*d2 

I0- g21 g11 g24 g14 D11 D14 S21 S24 1/2*d0 

Table 4.4. Conduction devices of SQ3 

Space 

vector 

Gate signals on conduction 

devices 

Conduction 

diode 

Conduction 

MOSFET 

Dwell 

time 

I1+ g21 g11 g26 g16 D21 D26 S11 S16 1/2*d1 

I0+ g21 g11 g24 g14 D21 D24 S11 S14 1/4*d0 

I1- g24 g14 g23 g13 D13 D14 S23 S24 1/2*d1 

I0- g21 g11 g24 g14 D11 D14 S21 S24 1/4*d0 

I2+ g21 g11 g22 g12 D21 D22 S11 S12 1/2*d2 

I0+ g21 g11 g24 g14 D21 D24 S11 S14 1/4*d0 

I2- g24 g14 g25 g15 D14 D15 S24 S25 1/2*d2 

I0- g21 g11 g24 g14 D11 D14 S21 S24 1/4*d0 

4.3.2  Switching Loss 

The switching loss consists of MOSFET turn-on and turn-off loss, diode turn-

on and turn-off loss.  

A. MOSFET turn-on loss 

The MOSFET turn-on loss includes two parts: the turn-on loss without taking 

the reverse recovery process into account, and the turn-on loss caused by diode 

reverse recovery. Figure 4.9 shows the MOSEFT hard-switched process.  
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Figure 4.9 Switching transients of MOSFET [94]. 

In Figure 4.9 (a) and (b), the free-wheeling diode is assumed to be ideal. Figure 

4.9 (a) shows the drain-source voltage and current without taking reverse recovery 

of the free-wheeling diode into account. Figure 4.9 (b) gives the power losses 

corresponding to the switching process in Figure 4.9 (a). The overlap of voltage 
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and current causes switching loss. Figure 4.9 (c) shows the diode reverse recovery 

effects on the switching losses, and the diode turn-off loss.  

The MOSFET turn-on loss can be calculated as [94]: 

𝑃𝑜𝑛𝑀 =
1

2
𝑉𝑑𝑠_𝑜𝑛𝐼𝑑𝑠_𝑜𝑛𝑡𝑜𝑛𝑓𝑠𝑤 + 𝑄𝑟𝑟𝑉𝑑𝑠𝑓𝑠𝑤                        (4.13) 

Where 𝑡𝑜𝑛 is the switch turn-on time interval, including current rise time tri, and 

voltage fall time tfu. 𝑄𝑟𝑟  is the reverse recovery charge. 𝑉𝑑𝑠_𝑜𝑛  is the MOSFET 

drain-source voltage before turning the switch on, and 𝐼𝑑𝑠_𝑜𝑛 is the drain-source 

current after turning the switch off.   

For zero-voltage turn-on actions, the drain-source voltage decreased to zero 

before the device conducting, so that the turn-on loss was zero. Consequently, SQ3 

does not have MOSFET turn-on loss.  

Moreover, with regard to MOSFET turn-on loss, the output capacitor loss during 

the switch turn-on process should also be considered in the power loss calculation. 

The output capacitance loss is incurred by charging and discharging the MOSFETs’ 

output capacitances 𝐶𝑜𝑠𝑠. For hard-switched cases, all energy stored in 𝐶𝑜𝑠𝑠 is lost 

and discharged into the MOSFET channel during the switching cycle. However, for 

ZVS cases, the energy stored in 𝐶𝑜𝑠𝑠  is transferred to other capacitors prior to 

turning on the MOSFET [95]. For example, in Figure 3.7 (a)-(f), before the S16 

turning on under ZVS, the energy stored in the parasitic capacitor C16 is transferred 

to C24 and C12.   

 The output capacitance loss can be expressed as: 

𝑃𝐶𝑜𝑠𝑠 =
1

2
𝐶𝑜𝑠𝑠𝑉𝑑𝑠

2𝑓𝑠𝑤                                     (4.14) 

Where 𝐶𝑜𝑠𝑠  is the output capacitance of MOSFET with the gate and source 

terminals shorted.  
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B. Diode turn-on loss 

During each switching cycle for all three PWM schemes, diode turn-on actions 

happen in two situations: 

1) During ZVS operation: the diode conducts when voltage across MOSFET 

output capacitance is zero, then when MOSFET turn-on is at ZVS. 

2) Transformer primary current 𝑖𝑃 changes direction.  

For both situations, the diodes are turned on at zero voltage, so the diode turn-

on loss is negligible.  

𝑃𝑜𝑛_𝐷 = 0                                                             (4.15) 

C. MOSFET turn-off loss 

As shown in Figure 4.9, turn-off loss in MOSFET can be calculated in a similar 

manner. Therefore: 

𝑃𝑜𝑓𝑓𝑀 =
1

2
𝑉𝑑𝑠_𝑜𝑓𝑓𝐼𝑑𝑠_𝑜𝑓𝑓𝑡𝑜𝑓𝑓𝑓𝑠𝑤                                     (4.16) 

Where 𝑡𝑜𝑓𝑓 is the switch turn-off interval, including voltage rise time tru, and 

current fall time tfi. 𝑉𝑑𝑠_𝑜𝑓𝑓 is the MOSFET drain-source voltage after turning off 

of the switch, and 𝐼𝑑𝑠_𝑜𝑓𝑓 is the drain-source current before turning off of the switch.    

D. Diode turn-off loss 

Diode turn-off action happens when MOSFET turns on, as shown in Figure 4.9. 

The waveform of diode current 𝑖𝐹 during the diode turn-off process is shown in 

Figure 4.9 (c). The turn-off loss in the diode mostly consists of reverse recovery 

loss, and is given by: 

𝑃𝑜𝑓𝑓𝐷 =
1

4
𝑄𝑟𝑟𝑉𝑑𝑠𝑓𝑠𝑤                                     (4.17) 

The total power loss in the matrix converter can be expressed as: 
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𝑃𝑡𝑜𝑡𝑎𝑙 = 𝑃𝑜𝑛𝑀 + 𝑃𝑜𝑓𝑓𝑀 + 𝑃𝐶𝑜𝑠𝑠 + 𝑃𝑜𝑓𝑓𝐷                     (4.18) 

Take sector I as an example, in one switching cycle, the device switching actions 

in each vector transition of three PWMs are listed in Table 4.5, 4.6, and 4.7 

respectively.  

Table 4.5. Switching actions in SQ1 

Vector 

transit 
Turn-on MOSFET Turn-off MOSFET 

I1+ to I0- 𝑆23  𝑆11 𝑆15 

I0- to I1- 𝑆24 𝑆22 𝑆16  

I1- to I0- 𝑆11 𝑆15 𝑆23  

I0- to I2+ 𝑆12  𝑆24  

I2+ to I0+ 𝑆25  𝑆11  

I0+ to I2- 𝑆24  𝑆12  

I2- to I0- 𝑆11  𝑆25  

I0- to I1+ 𝑆16  𝑆24 𝑆22 

Table 4.6. Switching actions in SQ2 

Vector 

transit 
Turn-on MOSFET Turn-off MOSFET 

I1+ to I2+ 𝑆12 𝑆22 𝑆16  

I2+ to I0+ 𝑆24  𝑆12  

I0+ to I1- 𝑆23  𝑆11 𝑆15 

I1- to I2- 𝑆25 𝑆15 𝑆23  

I2- to I0- 𝑆11  𝑆25  

I0- to I1+ 𝑆16  𝑆24 𝑆22 

Table 4.7. Switching actions in SQ3 

Vector 

transit 
Turn-on MOSFET Turn-off MOSFET 

I1+ to I0- 𝑆22 𝑆24 𝑆16  

I0+ to I2- 𝑆25  𝑆11 𝑆13 

I2- to I0- 𝑆11 𝑆13 𝑆25  

I0- to I2+ 𝑆12  𝑆24 𝑆26 

I2+ to I0+ 𝑆24 𝑆26 𝑆12  

I0- to I1- 𝑆23  𝑆11 𝑆15 

I1- to I0- 𝑆11 𝑆15 𝑆23  

I0- to I1+ 𝑆16  𝑆22 𝑆24 

In Table 4.5 and Table 4.7, SQ1 has ten turn-on and ten turn-off actions, including 
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two hard-switching actions. SQ3 has twelve turn-on actions and twelve turn-off 

actions. All twelve turn-on actions in SQ3 are under ZVS, so that the turn-on loss is 

zero. SQ3 has two more turn-off actions than SQ1. However, in SQ3, 𝑆13, 𝑆15, 𝑆26, 

and 𝑆22 , they are turned off at zero current. So a total of eight turn-off actions 

contribute to the turn-off loss. For SQ1, among the ten turn-off actions, eight turn-

off actions also contribute to the turn-off loss. In Table 4.6, SQ2 has eight turn-on 

actions and eight turn-off actions, including two hard-switched actions.  

Table 4.8 shows the power loss of all switching devices and the total conduction 

and switching loss in three PWMs. The simulation model is set up at the rated power 

of 3.4kW. The PWM switching frequency for all PWMs is 50kHz. The MOSFET 

type is IPW60R041P6. Device types may affect power losses, as can be observed 

from the calculations. 

Table 4.8. Power loss comparison of three PWMs 

Converter power loss 

(W) 
SQ1 SQ2 SQ3 

𝑃𝐶𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 

𝑃𝐶𝑀 8.06 9.07 8.25 

𝑃𝐶𝐷 5.06 5.29 5.04 

𝑃𝐶_𝑡𝑜𝑡𝑎𝑙 13.12 14.36 13.29 

𝑃𝑆𝑤𝑖𝑡𝑐ℎ𝑖𝑛𝑔 

𝑃𝑜𝑛_𝑀 0.02 104.66 0 

𝑃𝑜𝑓𝑓_𝑀 6.43 3.79 6.49 

𝑃𝑜𝑓𝑓_𝐷 0 25.92 0 

𝑃𝐶𝑜𝑠𝑠 0.28 0.19 0 

𝑃𝑆_𝑡𝑜𝑡𝑎𝑙 6.73 134.56 6.49 

Total power loss 19.85 148.92 19.78 

As shown in Table 4.8, the total converter power loss of the 6-segment PWM, 

SQ2, is around 4.38%. However, for the two 8-segment PWMs, the total converter 

power loss is around 0.58%.  

For SQ1, there are also two hard-switching actions; however, when the switch 

turns on, no current goes through the device, so the diode reverse recovery causes 

power loss corresponding to the shaded areas in Figure 4.9 (c) that is zero. For 
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example, in Figure 2.8 (i), MOSFET 𝑆26 in phase B turns on at the hard-switching 

condition. Then, in the next mode (Figure 2.8 (j)), the current flows through phase 

A and phase C. There is no current flowings through 𝑆26 , so that the reverse 

recovery charge 𝑄𝑟𝑟 is zero, as shown in Figure 4.9. As a result, the turn-on loss 

caused by the diode reverse recovery is zero in SQ1.  

For the 6-segment PWM, SQ2, the diode reverse recovery caused energy loss in 

one switching cycle that is very high. In the simulation, there is no deadtime 

between the turn-off actions and hard-switching turn-on actions. The conversion 

efficiency can be improved by pre-turning on the hard-switching devices. Because 

the hard-switching turned-on device has no impact on the primary current, it can be 

turned on before the energy transfer starts.  For example, in previous analysis, 

MOSFET 𝑆16 turns on under non-ZVS before 𝑆12 turns off; in this way, there is no 

current going through the device when it turns on under the hard-switching 

condition, so that the energy loss caused by the diode reverse recovery can be 

removed. Using this method, the power loss of the three PWMs is shown in Table 

4.9.  

Table 4.9. Power loss of three PWMs 

Converter power loss 

(W) 
SQ1 SQ2 SQ3 

𝑃𝐶𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 

𝑃𝐶𝑀 8.06 9.07 8.25 

𝑃𝐶𝐷 5.06 5.29 5.04 

𝑃𝐶_𝑡𝑜𝑡𝑎𝑙 13.12 14.36 13.29 

𝑃𝑆𝑤𝑖𝑡𝑐ℎ𝑖𝑛𝑔 

𝑃𝑜𝑛_𝑀 0.02 0.98 0 

𝑃𝑜𝑓𝑓_𝑀 6.43 3.79 6.49 

𝑃𝑜𝑓𝑓_𝐷 0 0 0 

𝑃𝐶𝑜𝑠𝑠 0.28 0.19 0 

𝑃𝑆_𝑡𝑜𝑡𝑎𝑙 6.73 4.96 6.49 

Total power loss 19.85 19.32 19.78 

By adding a deadtime, the converter power loss of SQ2 is decreased from 4.38% 

to 0.57%. Under the same switching frequency, the switching loss is similar to that 

of the 8-segment switching loss. However, the transformer frequency of SQ2 is half 
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of the transformer frequency of SQ1 and SQ3. If the same transformer frequency is 

considered, the switching loss will double.  

4.4 Summary 

In this chapter, the three PWMs for the three-phase isolated matrix rectifier are 

compared in terms of duty-cycle loss, output inductor current ripple, power quality, 

and power loss.   

In each switching cycle, SQ1 and SQ3 PWM contain four vector transitions from 

zero vector to active vector, which causes the duty-cycle loss, whereas SQ2 has only 

two vector transitions from zero vector to active vector. As a result, SQ2 has lower 

duty-cycle loss than SQ1 and SQ3. 

For power quality comparison, within each sector, the two voltage pulses in SQ1 

and SQ3 shrink to zero due to reaching to the end of sector, so that three zero vector 

intervals merge into one large interval, which causes a higher current ripple. During 

sector crossing, because of the sequence organization, SQ3 has lower current 

oscillations in the input phase current than SQ1. SQ2 has no current oscillation during 

sector crossing; however, the oscillation happens in sub-sector crossing due to the 

sequence swapped. In conclusion, within each sector, the current of SQ2 has a better 

performance. However, during sector crossing, SQ3 has lower input current 

oscillation.  

Under the same switching frequency, the power loss of SQ2 is higher than SQ1 

and SQ3. However, the conversion efficiency of SQ2 can be improved by pre-turning 

on the hard-switching devices; in that way, the power loss of the 6-segment PWM 

would be lower than that of the 8-segment PWMs. However, the transformer 

frequency of the 6-segment PWM is lower than the 8-segment PWMs. Compared 

to SQ1, SQ3 does not have two hard-switching actions in each cycle; therefore, the 

switching loss is 14.42% less than the switching loss of SQ1. 
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Chapter 5  

Simulation and Experiment Verification 

In this chapter, simulation and experiment verification of proposed PWM 

scheme are presented. The system is simulated in MATLAB/SIMULINK. The 

experiment is carried out on a platform verified the simulation results. Key 

parameters used in the simulation and experiment are given. 

5.1 Simulation Verification   

To verify the previous analysis of ZVS operation of proposed switching method, 

simulations are conducted on a 100 kHz three-phase buck type matrix based 

rectifier topology. Simulation parameters are listed in Table 5.1. The circuit 

configuration of the system is shown in Figure 5.1. The system was simulated using 

MATLAB/SIMULINK. 

Table 5.1. Simulation parameters 

Symbol Parameter Value 

𝐿𝑓 Input filter inductor 90 µH 

𝐶𝑓 Input filter capacitor 10 µF 

𝑓𝑠𝑤 Switching frequency 100 kHz 

𝑉𝑜 Rectifier output voltage 330 V 

𝐿𝑙𝑘 Transformer leakage inductance 5.7 µH 

𝐿𝑜 Output filter inductor 450 µH 

𝐶𝑜 Output filter capacitor 220 µF 

𝑓𝑔𝑟𝑖𝑑 Grid side frequency 60 Hz 

𝑉𝑙𝑙,𝑟𝑚𝑠 Grid voltage, rms value 180 V 

n Transformer turns ratio 2 

𝑚𝑎 Modulation index 0.8 

P Output power 3.3 kW 
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(a) Circuit configuration. 
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(b) PWM block diagram. 

Figure 5.1 Circuit configuration used in simulation. 

As illustrated in Figure 5.1, the power circuit of the three-phase matrix rectifier 

is powered by a three-phase AC voltage source, then connect to a three-phase to 

single-phase matrix converter through a LC filter. The output of matrix converter 

is connected to a high-frequency transformer. The secondary side of the transformer 

is a rectifier.  

Figure 5.2 shows the simulation waveforms of transformer primary side voltage 

𝑉𝑃, current 𝐼𝑃 and secondary side voltage 𝑉𝑠 and current 𝐼𝑠 in two switching cycles. 

The simulation results at steady state are the same as the analysis in Chapter 3. 
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Figure 5.2 Simulation waveforms of transformer primary and secondary side voltage and 

current. 

 

Figure 5.3 shows the grid side current of the proposed PWM scheme. The THD 

of the AC current is 1.54% with compensation. However, there’re still some current 

spikes during sector crossing, which is caused by the hard switch actions during 

sector crossing.  

5A/div

0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.0450.04 0.05
t  

Figure 5.3 Simulation waveform of AC current with proposed PWM method. 

To observe the ZVS operation of MOSFET switches, one switch 𝑆11 on phase A 

is selected, thereby showing the ZVS of all active switches. Figure 5.4 shows the 

simulation waveforms of phase A current 𝑖𝑎, the transformer primary side voltage 

𝑣𝑝 and the drain-source voltage 𝑉𝑑𝑠 of MOSFET 𝑆11 in six sectors operation. For 

traditional 8-segment PWM scheme, SQ1, 𝑆11  is turned on under non-ZVS 

condition in sector III, so the MOSFET turn-on actions with proposed sequence are 
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analyzed at three locations of t1, t2, and t3 as shown in Figure 5.5 for comparison. 

0

100

200

300

-100

-200

-300

(V)

2ms/div

I II III IV V VI

Vab Vac Vbc Vba
Vca Vcb Vab

Vds

Ia

t1 t2 t3 Vp

0

10

20

30

-10

-20

-30

(A)

 
Figure 5.4 Simulation waveforms of 𝑉𝑃, 𝑖𝑎, and 𝑉𝑑𝑠 of 𝑆11. 

At t1, 𝑆11 turn-on action represents the ZVS turn-on action for transitions within 

sectors other than sector III. At t2 and t3, 𝑆11 turn-on represents the ZVS turn-on 

actions during Sector III.  

Figure 5.5 (a), (b), (c) represent the simulation results of MOSFET 𝑆11 at t1, t2, 

and t3 respectively. 

Vds Gate drive

500ns/div

Vds: 50V/div
Gate drive: 0.25/div

 

(a) at t1 



 

86 

 

Vds Gate drive

1000ns/div

Vds: 50V/div
Gate drive: 0.25/div

 

(b) at t2 
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Figure 5.5 Simulation results of S11 turn-on actions during six sectors. 

In the simulation results above, drain-source voltage 𝑉𝑑𝑠 tends to zero before 

gate-drive signals approaches high, which means that the body diode is on before 

the switch is turned on such that ZVS is realized.  

5.2 Experiment Results 

The experiment of this thesis is in collaboration with Ryerson University. 

Experiments are conducted on a 100kHz/180V isolated matrix rectifier system. The 

ZVS operation of the improvement 8-segment PWM scheme is digitally 

implemented using DSP and Field Programmable Gate Array (FPGA). The 

experiment parameters are listed in Table 5.2, which is the same parameters with 

the simulation. As shown, the PWM switching frequency is 100 kHz at rated output 

power 3.3 kW. The modulation strategies of the converter are the same as the ones 

adopted in simulation. The ZVS waveforms are also utilized to verify the analysis.  
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Table 5.2. Experimental prototype parameters 

Symbol Parameter Value 

𝐿𝑓 Input filter inductor 90 µH 

𝐶𝑓 Input filter capacitor 10 µF 

𝑓𝑠𝑤 Switching frequency 100 kHz 

𝑉𝑜 Rectifier output voltage 330 V 

𝐿𝑙𝑘 Transformer leakage inductance 5.7 µH 

𝐿𝑜 Output filter inductor 450 µH 

𝐶𝑜 Output filter capacitor 220 µF 

𝑓𝑔𝑟𝑖𝑑 Grid side frequency 60 Hz 

𝑉𝑙𝑙,𝑟𝑚𝑠 Grid voltage, rms value 180 V 

n Transformer turns ratio 2 

𝑚𝑎 Modulation index 0.8 

P Output power 3.3 kW 

𝑇𝑟 Transformer ZP47313TC 

𝑆11 − 𝑆26 Matrix converter MOSFET IPW60R041P6 

𝐷1 − 𝐷4 Rectifier diode SCS215KG 

Figure 5.6 shows the waveforms obtained from prototype operating at full load, 

including transformer primary side voltage 𝑉𝑝  ,the drain-source voltage 𝑉𝑑𝑠  of 

MOSFET 𝑆11 in six sectors operation and one input phase current 𝑖𝑎 in front of the 

input filter at light load condition. Figure 5.7 shows the transformer primary side 

voltage 𝑉𝑝 and current 𝑖𝑝 in two switching cycle with proposed PWM scheme. 
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Figure 5.6 Experimental waveforms of 𝑉𝑃, 𝑖𝑎, and 𝑉𝑑𝑠 of 𝑆11 at full load. 
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Figure 5.7 Experimental waveforms of 𝑉𝑃 and 𝑖𝑝 in two switching cycle. 

 

Vds

Vgs

200ns/div

Vds: 100V/div
Vgs: 20V/div

 

(a) at t1 

Vds Vgs

200ns/div

Vds: 100V/div
Vgs: 20V/div

 

(b) at t2 



 

89 

 

Vds
Vgs

200ns/div

Vds: 100V/div
Vgs: 20V/div

 

(c) at t3 

Figure 5.8 Experimental results of 𝑆11 turn-on actions during six sectors. 

Figure 5.8 (a), (b), (c) represent the experimental results of MOSFET 𝑆11 at t1, 

t2, and t3 respectively. In the experimental results above, drain-source voltage 𝑉𝑑𝑠 

tends to zero before gate-source voltage 𝑉𝑔𝑠 approaches high, which is the same as 

the simulation results.  

Figure 5.9 shows the experimental waveforms of transformer primary side 

voltage 𝑣𝑝 ,the drain-source voltage 𝑉𝑑𝑠 of MOSFET 𝑆11 in six sectors operation 

and one input phase current 𝑖𝑎 in front of the input filter at light load condition (45% 

load). The shade area in Figure 5.9 is caused by the hard-switching actions at light 

load condition. 
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Figure 5.9 Experimental waveforms of 𝑉𝑃, 𝑉𝑎, and 𝑉𝑑𝑠 of 𝑆11 at 45% load. 
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Figure 5.10 shows the detailed turn-on actions of 𝑆11 at different locations. In 

Figure 5.10 (a), the MOSFET are turned on under ZVS. In Figure 5.10 (b) and (c), 

the switch turns on before the drain-source voltage 𝑉𝑑𝑠 reaches zero.  
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Figure 5.10 Experimental results of 𝑆11 turn-on actions at 45% load. 

Figure 5.11 shows the input phase current waveforms with proposed PWM 

scheme implementation under full load condition. The total harmonic distortion of 

the input phase current is 2.4%.  
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Figure 5.11 Experimental waveform of input phase current. 

5.3 Summary 

This chapter illustrates simulation and experimental results related to the 

proposed PWM scheme in Chapter 3. Circuit configurations and control parameters 

used in simulation and experiment are also presented.  

The results confirm that the proposed PWM scheme is able to realize ZVS 

operation for all twelve MOSFET devices at full load condition.  

The experimental results are analyzed under two different load conditions. At 

full load condition, all switches are turned on under zero voltage switching. At light 

load condition, the devices are turned on before the gate-source voltages reaches 

zero, so it’s not under ZVS.  
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Chapter 6  

Conclusions and Future Work 

This chapter summarizes the main contribution of this thesis and provides 

suggestions for future work.  

6.1 Conclusions 

This thesis presented topics related to the ZVS operation of the three-phase 

isolated matrix rectifier. As reviewed in Chapter 2, the traditional 8-segment PWM 

scheme utilizes all three phases as bypassing circuit in one switching cycle, which 

creates two hard-switch actions. As a result, the power loss is increased. The 6-

segment PWM scheme has vector transitions between two active vectors. During 

this transition, in order to prepare for the ZVS operation of the next step, one switch 

should turn on under a non-ZVS condition. Thus, the 6-segment PWM has two 

hard-switch actions in each switching cycle. Furthermore, with the same PWM 

switching frequency, the transformer frequency of the 8-segment PWM is double 

that of the switching frequency of the 6-segment PWM, so that the 8-segment PWM 

has a smaller core. 

Inspired by the 6-segment PWM, if inserting a zero vector between the two 

active vectors with the same operation principle, the two hard switch actions can 

be removed, so that a novel 8-segment PWM is proposed. A detailed analysis of 

ZVS operation is in Chapter 3. Due to all of the ZVS turn-on transitions, the 

switching loss is decreased, so that the proposed PWM can be applied in higher 

switching frequency applications. Furthermore, the proposed PWM sequence is 

symmetrical each half cycle, which makes the design progress easier. The 

comparison between the three PWM schemes is conducted in Chapter 4 from duty-

cycle loss, output inductor current ripple, and switching and conduction loss.  

The simulation and experimental results in Chapter 5 show that the proposed 
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PWM is able to realize ZVS operation for all devices. The THD of the grid side 

current is lower than 5%. 

6.2 Future Work 

Based on the research presented in this thesis, several extensions and 

modifications can be explored as follows: 

Firstly, more work can be focused on reducing the switch actions under the ZVS 

condition in one switching cycle. In the traditional 8-segment PWM and proposed 

PWM, there are ten and twelve switch actions in each switching cycle, respectively. 

The power loss of the converter can be further reduced with reduced switch actions 

if all switches can turn-on under ZVS. Thus, the converter can work under a higher 

switching frequency.  

Secondly, the detailed ZVS operation range of each PWM scheme can be 

specified, including modulation index range, maximum switching frequency of 

each PWM scheme, and load range.  

Finally, the matrix rectifier can work under different PWM schemes, not only 6-

segment and 8-segment PWMs. By rearrangement of the switching sequence, more 

PWM schemes can be created. The matrix converter output voltage is closer to a 

sinusoidal shape, and the system is more reliable.   
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