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Abstract—A variable switching frequency space vector 

modulation control method is proposed in this paper. It is used to 

achieve zero voltage switching (ZVS) for two parallel 180° 

interleaved three-phase grid-connected voltage source inverters 

(VSI) at unity power factor. A wide range of ZVS can be achieved 

without any additional sensor, auxiliary circuit, or current zero 

crossing detection circuit. The carrier wave frequency is easy to be 

calculated and updated with digital control. The current ripple is 

precisely predicted and controlled to minimize unnecessary 

circulation loss. The high current ripple at the inverter side can be 

considerably canceled by the parallel interleaved configuration. 

LCL filter is used to further attenuate the current ripple and 

improve the power quality at the grid side. The switching loss can 

be significantly reduced especially by using wide band-gap device 

with low turn-off loss. The power density is greatly improved 

owing to high switching frequency and low component parameters 

of the filter. A 4.5 kW simulation and experimental prototype 

interfacing 400 V DC with three-phase 110 V AC grid are 

developed to verify the performance of the proposed control 

strategy. 

Index Terms—Parallel interleaved three-phase VSI, zero 

voltage switching, variable switching frequency control, space 

vector modulation 

I. INTRODUCTION 

wo-level voltage source inverters (VSI) are used 

extensively among the commercially available three-phase 

inverters owing to its simple structure and mature control 

strategy [1]-[2]. IGBT is widely adopted as the switching 

device especially in high power applications because of its 

ruggedness and good anti-parallel diode characteristics. 

However, it has low switching speed and the switching 

frequency tends to decrease as the power level increases, 

mainly limited by switching loss. As a result, the filter size and 

cost are large in high power inverters. In addition, the dynamic 

response is also affected by the low switching frequency and 

the low corner frequency of the filter. Large filter capacitance 

also generates high reactive current, leading to a reduction in 

power factor. Therefore, the demands on higher efficiency and 

lower filter size and cost encourage more research to come up 

with new device, inverter topology, and control strategy. 

Parallel interleaving is one of the techniques which replaces 

each phase-leg with multiple ones to increase the power level 

[3][4]. Their carrier waves are shifted with each other resulting 

in a total current ripple cancellation phenomenon [5]. The 

current sharing also enables the use of smaller devices which 

can switch at a higher frequency. In the meantime, the power 

losses are distributed among all the devices with larger surface 

area, thus, improving the device cooling. Furthermore, owing 

to the modular structure, the cost in manufacture and storage 

can also be reduced. 

From the device viewpoint, the emerging wide bandgap 

(WBG) power devices including silicon carbide (SiC) and 

gallium nitride (GaN) provide advantages over conventional 

silicon such as higher breakdown voltage with lower on-

resistance, smaller parasitic capacitance and faster switching 

speed [6]. They allow the converter to operate at higher 

switching frequency up to several megahertz [7], which 

dramatically reduces the filter size and cost. However, the 

switching loss is still a major concern at high frequency. It can 

be concluded from the double pulse test that the turn-on loss of 

the WBG device is much higher than the turn-off loss [8][9]. 

Therefore, if zero voltage switching (ZVS) technique can be 

applied, the turn-on voltage and current overlap loss, output 

capacitor loss and the SiC body diode reverse recovery issue 

can be eliminated. Both the inverter power density and 

efficiency can be greatly improved. 

It is widely known that for the two-level VSI, only one of the 

two switches in a phase-leg can achieve ZVS depending on the 

current flow direction. Therefore, numerous researches have 

been reported to realize ZVS for both switches in a wide 

operating range. A majority of them make use of auxiliary 

circuits and components. Based on the positions where they are 
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placed, they can be categorized into DC side and AC side 

auxiliary circuit. The DC side auxiliary circuit [10]-[12] is 

inserted between the DC bus and phase-legs. It typically 

includes an inductor, a capacitor and a switching device, which 

makes the modulation and control strategy more complicated. 

The AC side auxiliary circuits [13]-[15] usually use coupled 

inductors and switching devices to inject an additional current 

to the middle point of the phase-leg. The total current changes 

its direction in a switching cycle, thus, allowing both switches 

to achieve ZVS. However, the auxiliary circuits have to be 

added to each phase-leg, leading to much higher cost, 

complexity, as well as lower power density.  

One way to achieve ZVS without additional circuits or 

components is to increase the current ripple and change its 

direction so that both the device output capacitors can be 

charged and discharged. This method has been used extensively 

in bidirectional buck/boost type DC/DC converter [16]. It has 

also been implemented in single-phase Boost power factor 

correction (PFC) [17], totem-pole bridgeless PFC rectifier [18] 

and single-phase inverter [19]. Inductor current zero crossing 

detection (ZCD) circuit is widely used to eliminate unnecessary 

current ripple. So the switching frequency becomes variable 

depending on the load current and input voltage. It can also 

distribute the conducted EMI noise spectrum effectively and 

reduce the filter size [20]. Interleaving and coupled inductor 

techniques are also integrated to reduce the current ripple with 

critical conduction mode (CRM) [21] or triangular current 

mode (TCM) [22]. Four phase-legs single-phase inverter with 

TCM control is also proposed in the Google little box challenge 

to achieve high power density [23]. 

However, the above literature only focuses on single-phase 

inverter or rectifier. The ZVS method for three-phase inverter 

without using auxiliary circuit has not been thoroughly 

investigated. The main reason is that the three phase currents 

are coupled and the current of each phase is affected by the 

switching states of all the three phase-legs. It is difficult to 

guarantee that all the three phase inductor currents flow in the 

appropriate directions before the corresponding switch is turned 

on. In [24], the neutral point of the filter capacitors in the LCL 

filter is connected to the middle point of the DC bus. Thus, the 

inductor current of each phase is decoupled and can be 

controlled similarly to the single-phase inverter. However, the 

switching frequency variation range is too wide in a line cycle 

owing to a large variation of the inductor voltage amplitude. A 

combination of CRM and discontinuous space vector PWM 

(DPWM) soft switching three-phase inverter was recently 

proposed in [25]. ZCD circuits are used for each phase current, 

however, only one of them can be used to determine the 

frequency, so the switching frequency synchronization is 

necessary. ZCD method usually leads to high current sensing 

power loss and the difficulty in phase-leg interleaving. In 

addition, parallel interleaving inverter with DPWM control has 

been reported to introduce a low frequency zero-sequence 

current into the system during the discontinuous points, which 

cannot be eliminated by the controller [26]. A digital control 

variable switching frequency three-phase ZVS inverter is 

proposed in [27], but it is not suitable for high power inverter. 

In this paper, a variable switching frequency five-segment 

space vector PWM (SVM) control method for two parallel 180° 

interleaved three-phase VSI is proposed. A wide range of ZVS 

can be realized without any additional sensor, auxiliary circuit, 

or ZCD. The switching frequency and the closed-loop control 

can be easily calculated and updated with digital control. The 

frequency variation range in a line cycle is narrow at any 

specific load. The high current ripple at the inverter side can be 

considerably canceled by the parallel interleaved configuration. 

LCL filter is used to further attenuate the current ripple and 

improve the power quality at the grid side. The switching loss 

is significantly reduced by using SiC MOSFET with low turn-

off loss. The power density is also improved due to high 

switching frequency and low component parameters of the filter. 

This paper is organized as follows. The modulation scheme and 

the inductor current ripple are analyzed in section II. The 

control strategy implementation method is explained in Section 

III. The simulation results are presented in Section IV. The 

experimental verification is illustrated in Section V. The power 

loss analysis is discussed in Section VI. Finally, Section VII 

gives the conclusion. 

II. MODULATION STRATEGY AND 

INDUCTOR CURRENT RIPPLE ANALYSIS 

The two parallel interleaved three-phase two-level VSI with 

LCL filter topology is shown in Fig. 1. The six identical inverter 

side inductors are denoted as L1. C is the filter capacitors and L2 

is the grid side inductors. The inverter side inductor currents for 

the two inverters are ix1 (x=a, b, c) and ix2 respectively. The 

summations of the two parallel inductor currents are ix3. igx is 

the grid phase current and vx is the grid phase voltage. Vdc is the 

DC voltage. Q1 to Q12 are the switches for the two inverters. 

The gate signals of the two switches in a phase-leg are 

complementary and the carrier waves of each pair of parallel 

phase-legs are 180° interleaved. It can also be treated as a single 

six phase-legs three-phase inverter. 

A. Analysis of five segments SVPWM modulation 

Any of the inverter side inductor current ix1, ix2 is affected by 

the switching states of all the six phase-legs. A simple 

modulation method is necessary to reduce the complexity. SVM 

are extensively used in three phase VSI due to its full utilization 

of the DC voltage. According to the distribution of 

freewheeling switching states (000 and 111 vectors, 1 means 
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Fig. 1.  Two parallel interleaved three-phase grid connected VSI with LCL 
filter.  
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top switch on, 0 means bottom switch on) in a switching cycle, 

it can be classified into seven-segment SVM, two continuous 

five-segment SVM (use only 000 or 111 vector) and four 

Discontinuous SVM (DPWM). Except the first one, all the rest 

modulation methods keep the switching state of one phase-leg 

constant for a time duration while the other two phase-legs are 

switching. This can reduce the switching loss and simplify the 

ZVS achievement because only four switching devices need to 

achieve ZVS. 

Assuming the carrier wave is a triangle wave from 0 to 1, the 

five segments modulation waves mx are shown in Fig. 2. The 

upper switch is on when the corresponding modulation wave is 

lower than the carrier wave. It can be seen that there are two 

kinds of five segments SVM based on the utilization of zero 

vector. For the first one, whichever phase voltage is the highest 

among the three, the top switch of that phase-leg keeps on. It is 

on the contrary for the second one. Actually, the two 

modulation waves have similar results in terms of the proposed 

variable switching frequency control strategy. In this paper, the 

first one is discussed in detail. 

B. Inductor current ripple analysis 

In order to achieve ZVS for both switches in a phase-leg, the 

corresponding inductor current has to be negative before the top 

switch is turned on and positive before the bottom switch is 

turned on. The inductor current ripple in sector 1 is analyzed as 

an example. Since ma is always zero, the top switches of phase 

a (Q1 and Q7) keep on in sector 1, so ZVS is only needed to be 

achieved for the switches in phase b and c. Since mc is always 

higher than mb, the current ripple calculation can be classified 

into four cases based on the overlap of the gate signals as 

illustrated in Fig. 3. It should be noted that at any specific 

operating condition, the distribution of the four cases depends 

on the modulation index mmax (AC line to line peak voltage 

divided by DC voltage). As shown in Fig. 4, when the it is 

greater than 0.577 (√3 ∕ 3), a, b, and c exist. When it is between 

0.5 and 0.577, c and d exist. When it is less than 0.5, only d 

exists. Actually, in most applications, the modulation index is 

greater than 0.577 because the DC voltage is basically not much 

higher than the AC voltage. Therefore, in this paper, only the 

first situation is analyzed thoroughly. 

The current ripple can be calculated either during the on state 

or the off state. Owing to the fact that the carrier waves of the 

two inverters are 180° phase shifted, the inductor currents are 

also 180° phase shifted with the same waveforms. Thus, ZVS 

condition is only needed to be analyzed for one inverter. Since 

the carrier wave is symmetrical to the peak (t5) and the valley 

(t0), the inductor currents also have a symmetrical relationship 

for all the cases. Note that the average current of ix1 and ix2 in a 

switching cycle can be treated as a half of the grid current igx, 

so the relationship can be expressed as 

 
( ) ( ) ( )

( ) ( ) ( )

1 0 1 0 1 0

1 5 1 5 51

2  ,  

2  ,  

x gx x x gx

x gx x x gx

i t i i t i t i

i t i i t i t i

t t

t t

= −  + +  =

= −  + +  =





  (1) 

The requirements to achieve ZVS for phase b and c are 

 ( ) ( )1 1
 ,  

x on bias x off bias
i t I i t I −    (2) 

where Ibias is the bias current to charge and discharge the output 

capacitors of the switching device. It is a tiny current especially 

for wide bandgap devices with low output capacitance. The 

design methodology is similar to other half-bridge topologies, 

so it is omitted here. In order to guarantee the ZVS achievement 

even in transients, it is designed as 2 A in this paper to leave 

some margin. ton and toff are the turn-on and turn-off moments 

of the top switches. They are always symmetrical to t5. For 

example, in case (a), ton and toff for phase b are t3 and t7 

respectively. 

According to (1), (2) can be rewritten as 

 
( ) ( )

( ) ( )

1 1

1 1
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2
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 −  +
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The inductor current ripple can be calculated based on the 
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Fig. 2.  Modulation waveforms of two continuous five segments SVM.  
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Fig. 3.  Four cases of gate signals in sector 1. 
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Fig. 5.  Equivalent circuit of any switching state in sector 1. 
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equivalent circuit. Since the average voltage drops across L2 are 

low owing to their low impedance, the voltages of the filter 

capacitors C can be regarded the same as the grid voltage. The 

equivalent circuit in sector 1 is shown in Fig. 5. Assuming that 

the number of phase-legs connected to the DC positive is n, the 

number of phase-legs connected to the DC negative is 6-n. 

According to the Thevenin’s theorem, the voltage across the 

inductor can be concluded as 

 
( )1

1

6 6

6

i dc i

k dc k

L i t V n v

L i t nV v

   = − −


  = − −

  (4) 

In case (a), the total inductor current ripple of ib1 from t3 to t7 

has to be separated into two parts, but the current ripple of ic1 

can be directly calculated from t4 to t6. Therefore, the inductor 

voltage of phase b and c can be expressed as 
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1 1 3 4 6 7

1 1 4 6

1 1 4 6

2 ,  ,
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3 ,  
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b dc b
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  = −
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Supposing Ts is the switching cycle, the pulse width of each 

switch can be simply expressed by the modulation wave,  
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Therefore, in case (a), the current ripples of ib1 and ic1 are 

written as 
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Similarly, the inductor voltage and current ripple of the rest 

cases can all be figured out, which are shown in the Appendix. 

It can be seen from Fig. 3 that the current ripple equations of ic1 

are the same in case (a) and (b), but different in case (c) or (d). 

Similarly, the equations for ib1 are the same in case (c) and (d), 

but different in case (a) or (b). 

III. VARIABLE SWITCHING FREQUENCY CONTROL 

The minimum switching period or the maximum switching 

frequency to achieve ZVS for each phase-leg can be figured out 

by substituting the current ripple expression of each case into 

the ZVS condition (3). Assuming the circuit parameters are 

listed in Table I, the boundary switching frequencies at different 

DC voltages are shown in Fig. 6.  

When the DC voltage is lower than 467 V, the inverter 

operates in the first situation of Fig. 4. When the DC voltage is 

higher than 540 V, it works in the third situation. The boundary 

switching frequencies of phase b (fsb) are the dashed lines, and 

the boundary frequencies of phase c (fsc) are the solid lines. It 

can be seen that although there are four cases and three different 

situations, the frequencies are continuous whatever the 

modulation index is. fsb always starts with the same frequency 

as fsc and becomes much higher afterward. However, during the 

last several degrees, fsb drops below fsc and becomes zero at 60°. 

The reason is that the modulation wave mb is close to zero so 

the current ripple of phase b becomes too small. In order to 

achieve ZVS for both phases, the lower boundary switching 

frequency should be chosen. However, when the angle is close 

to 60°, fsb changes too much and approaches zero, which is 

unfeasible in practice. Therefore, regardless of the ZVS 

realization of phase b during the last several degrees, only fsc is 

chosen as the boundary switching frequency in sector 1.  

Since only the first situation is discussed in this paper, 400 V 

DC is taken as an example. By setting fsc as the switching 

frequency in sector 1, the current ripple envelop lines ix1_max and 

ix1_min are illustrated in Fig. 7. The current ripple of ia1 is 

neglected because it does not affect the ZVS achievement. Only 

its average current (iga/2) is shown as a reference. The bottom 

switches of phase b and c can achieve ZVS if the maximum 

current of ib1 and ic1 is higher than Ibias, and the top switches can 

achieve ZVS if the minimum current is lower than -Ibias. Note 

this is not a necessary condition because Ibias is designed with a 

little margin. For the reason that igc is always negative in sector 

1, ic1_min is much lower than –Ibias, so the top switch of phase c 

must achieve ZVS. In addition, with fsc as the switching 

frequency, ic1_max is kept constant as Ibias to minimize the 

unnecessary circulation loss. Therefore, all the switches in 

phase c can achieve ZVS. For phase b, ib1_max is always higher 

than Ibias, but during the last θ degrees ib1_min is also higher than 

-Ibias. So the top switches of phase b (Q3, Q9) may lose ZVS. 

Sector 2 is symmetrical to sector 1 if va and vb exchange their 

TABLE I 
CIRCUIT PARAMETERS TO CALCULATE BOUNDARY FREQUENCY 

Item Parameter 

Grid phase voltage vx 110 V RMS 
DC voltage Vdc 300~800 V 

Rated Power Pmax 4.5 kW 

Inductance L1 36 µH 
Power factor PF 1 

Ibias 2 A 
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Fig. 7.  Current ripple envelop line in sector 1. 
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Fig. 6.  Boundary switching frequencies for phase b and c in sector 1. 
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roles. vc is still the lowest among the three-phase voltages. 

Therefore, the switching state of phase b keeps constant and the 

boundary switching frequency can still be set as fsc. Similarly, 

ZVS cannot be fully achieved for the top switches of phase a 

during the first θ degrees in sector 2. For the following sectors 

from 3 to 6, the three-phase voltages keep exchanging positions, 

but the analysis is the same. The current waveform and the 

current ripple envelop lines of the switching phase-legs in a line 

cycle are shown in Fig. 8, which is an extension of Fig. 7. It can 

be seen that the top switches of one phase may lose ZVS during 

θ° on both sides of 60°, 180°, and 300°. The switching 

frequency calculation equation in a line cycle can be written as 

 

( ) ( )

( )
( ) ( )

( )

1

1

3 1
              ( ), ( )

3 2

6 1
    ( )

6 2

dc x x

sx

bias gx

dc x x dc y

sx

bias gx

V v m
f case a b

L I i

V v m V m
f case c

L I i

 − −
=

+


− − +
=


+

  (8) 

where x and y can be selected from Table II. The division 

between case (b) and (c) is where the summation of mx and my 

is equal to 1. 

The switching frequencies in a line cycle at different power 

are illustrated in Fig. 9. The frequency is the lowest at full load 

and increases as the power decreases. Owing to the difference 

of frequency calculation equations between case (b) and (c), 

two parts can be seen in each sector and the selection of 

equation is necessary based on the modulation waves. The 

dashed lines in Fig. 9 is the division between case (b) and (c). 

It can be seen that the frequency variation range is narrow both 

in a line cycle and at different power. This is an advantage of 

the proposed control strategy. 

According to (8), DC voltage, three-phase grid voltages, and 

currents, as well as the modulation information are needed to 

calculate the switching frequency. For the conventional fixed 

switching frequency grid-connected inverter, grid voltages are 

sampled to obtain the phase angle. Grid currents are needed for 

the closed-loop control. DC voltage is also measured in most 

applications including energy storage system and PV inverters. 

The modulation waves can be acquired by the digital controller 

itself in the closed-loop control. Therefore, no additional sensor 

is needed. In addition, unlike other variable switching 

frequency control which needs to sample instantaneous current, 

low bandwidth current sensor can be used in the proposed 

control method. The control block diagram is shown in Fig. 10. 

Both the closed-loop control and the SVM generation method 

are the same as the fixed frequency control. Only the carrier 

wave frequency is needed to be calculated and updated 

simultaneously. In order to eliminate the loss caused by the 

damping resistor in series connection with the filter capacitor, 

the filter based active damping is used to avoid the resonance 

of the LCL filter. The notch filter can be easily implemented in 

the controller without using additional sensor. 

One limitation of this control strategy is that it is not suitable 

for non-unity power factor because the current being not in 

phase with the modulation wave results in more complicated 

circumstances. Since the line frequency voltage drop across the 

filter is neglected, the modulation wave can be assumed in 

phase with the grid voltage whatever the power factor is. 

Therefore, the inductor current ripple and ZVS analysis in 

TABLE II 
PHASE SELECTION IN THE SWITCHING FREQUENCY CALCULATION EQUATION 

Sector 1 2 3 4 5 6 

x c a b 

y b a c b a c 
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Fig. 8.  Current ripple envelop lines in a line cycle. 
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Fig. 9.  Switching frequency variation in a line cycle at different power. 
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Fig. 10.  Control block diagram of proposed control strategy. 
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Section II is still applicable to non-unity power factor situation. 

Similar to Fig. 6, the boundary switching frequencies to achieve 

ZVS for phase b and c at different power factor are shown in 

Fig. 11. It can be seen that if fsc is still chosen as the switching 

frequency, the non-ZVS range for phase b is increased. 

Although it can still work at non-unity power factor, the 

switching frequency variation becomes large and discontinuous 

at sector change, leading to a poor current quality. 

Actually, the above analyses are also applicable to unity 

power factor rectifier application because this method is 

naturally bidirectional. The current ripple calculation, 

switching frequency equation, and the ZVS range are totally the 

same. The only difference is that all the currents waveform 

including Fig. 7 and 8 are vertical flipped, so the bottom 

switches may lose ZVS in the rectifier mode. In this paper, only 

the inverter mode is discussed in detail. 

The other limitation is the modulation index. The DC voltage 

needs to be less than √3 times of the grid line to line peak 

voltage so that the inverter can operate in the first situation of 

Fig. 4. In order to guarantee this condition even in transient, the 

d axis output ud can be limited to be less than √3 ∕ 3. 

IV. SIMULATION VERIFICATION 

In order to verify the feasibility and the performance of the 

proposed control strategy, the simulation results are illustrated 

in this section. The specifications and the parameters are given 

in Table III. 

The simulation waveforms at full load are shown in Fig. 12. 

It can be seen that the envelop lines of each phase current ix1 are 

the same as that shown in Fig. 8. The bias current is maintained 

exactly the same as the designed value. A remarkable advantage 

is that the current ripple of the non-switching phase-leg is 

extremely small, such as ib1 in sector 2 and 3. Thus, the device 

conduction loss, inductor core loss, and copper loss can be 

considerably reduced. Although the current ripple of the 

switching phase-leg is large, it can be greatly canceled in ix3 

with the help of the interleaved configuration. Therefore, the 

grid side current can achieve high quality even with small filter 

parameters. The switching frequency variation is shown at the 

bottom. Two parts can be seen in each sector, which is almost 

the same as the theoretical calculation shown in Fig. 9.  

The waveforms in switching cycle scale are shown in Fig. 13. 

In sector 1, Q1 keeps on so only the switches in phase b and c 

need to achieve ZVS. It can be seen from (a) that in the middle 

of sector 1, ib1 and ic1 are lower than –2 A when the top switches 

are turned on and higher than 2 A when they are turned off. So 

all the switches can achieve ZVS. However, at the end of sector 

1 (Fig. 13(b)), for the reason that mb is approaching zero and the 

duty cycle of Q3 is close to 1, the current ripple of ib1 becomes 

too small. Thus, the top switches of phase b lose ZVS. But for 

phase c, with the help of variable frequency control, the peak 

current of ic1 is always kept as 2 A to minimize circulation loss. 

The waveforms in other sectors are similar except for the 

exchange of three-phase sequence. 

V. EXPERIMENTAL RESULTS 

The experimental prototype is fabricated using SiC 

MOSFET C3M0065090J (900V, 65mΩ) as the switching 

device. DSP TMS320F28335 is used as the digital controller. 

The specification and parameters are the same as the simulation. 

The switching frequency is limited from 100 kHz to 500 kHz to 

TABLE III 
SPECIFICATIONS AND THE PARAMETERS OF THE INVERTER 

Item Parameter Item Parameter 

Vdc 400 V vx 110 V RMS 

Pmax 4.5 kW PF 1 

L1 36 µH L2 20 µH 

C 4.7 µF Ibias 2 A 
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Fig. 12.  Simulation waveforms in a line cycle. 
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Fig. 14.  Steady-state waveforms of phase a at full load. 
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reduce the switching loss when the load is lower than 10%. 

Limited by the arithmetic speed of the DSP, the sampling and 

control frequency is set as constant 70 kHz.  

The steady-state waveforms of phase a at full load and 400 

V DC are shown in Fig. 14. The other two phases have the same 

waveforms so they are omitted here. The experimental 

waveforms are almost the same as the simulation. The inverter 

side inductor currents ia1 and ia2 can share the current equally 

without any additional control. A slight difference between the 

two current envelop lines is caused by a little inductance 

mismatch. The bias current is controlled quite well as 2 A. ia3 is 

measured by adding ia1 and ia2, so the current ripple is greatly 

canceled, leading to high grid current quality. The zoomed in 

waveforms at different positions are shown in Fig. 15. It can be 

seen that ia1 and ia2 are always interleaved with 180°. The 

current ripple is very small when the grid current is the highest. 

The driving signal (vgs1) and the drain to source voltage (vQ1) 

of Q1 are shown together in Fig. 16 to verify the ZVS 

achievement of the top switch. It is conducted at half load and 

400 V DC. The inverter side current ia1 at the turn on instant 

should be lower than -2 A to realize the ZVS of Q1. This 

condition can be satisfied most of the time in a line cycle 

including (a) and (b), where vQ1 drops to zero before vgs1 

becomes high. However, at the beginning and the end of the 

whole switching period of Q1 in a line cycle such as (c) and (d), 

the duty cycle is so close to 1 that the current ripple is not large 

enough to realize ZVS. Therefore, the voltage of the output 

capacitor vQ1 cannot be fully discharged resulting in partial ZVS. 

However, the non-ZVS region only accounts for approximately 

20° in a line cycle for each phase-leg. In addition, the turn-on 

current during the non-ZVS period is small, so the switching 

loss is still low. 

Fig. 17 shows the ZVS status of the bottom switch Q2. It can 

achieve ZVS on condition that ia1 is higher than 2 A before Q2 

is turned on. This condition can always be satisfied at any 

position. In (a), the peak current of ia1 is deliberately designed 

as 2 A owing to the proposed variable switching frequency 

control. In (b), the current ripple is large so the peak current is 

much higher than 2 A. In (c) and (d), although the current ripple 

is low, the average current is higher than 2 A. Therefore, the 

drain-source voltage vQ2 always drops to zero before the driving 

signal vgs2 becomes high. Thus, the bottom switch can always 

achieve ZVS. 

The dynamic response of the inverter is verified and shown 

in Fig. 18. The power step increases from 30% to full power. 

The two interleaved phase-leg currents ia1 and ia2 can always 

have the same current envelop lines even in transients. It can be 

seen that all the currents have a fast-dynamic response and are 

in phase with the grid voltage va. On the other hand, the 

switching frequency calculation also has good performance. 

The bias current can be maintained well before and after the 

transition. Therefore, ZVS achievement can always be 

guaranteed. The dynamic response proves that the inverter 

closed-loop control is not affected by the proposed variable 

switching frequency technique, and the overall system has good 

stability. 

Fig. 19 shows the photo of the experimental prototype. Two 

identical inverter boards are used with six surface mount SiC 
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Fig. 15.  Zoomed in waveforms at different angles. 
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Fig. 16.  ZVS status of the top switch at different positions, (a), (b) ZVS, (c), 
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Fig. 17.  ZVS status of the bottom switch at different positions, (a)-(d) ZVS. 
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Fig. 18.  Dynamic response of the power step up change. 
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MOSFETs soldered on each board. Metal core PCB is adopted 

to improve the cooling. Six inverter side inductors and three 

capacitors are mounted on the bottom side of the filter board. 

The grid side inductors are mounted on the top. It can be seen 

that with the help of the proposed control strategy, the filter size 

is much smaller compared to the conventional inverter with a 

similar power rating. Actually, the two identical inverters can 

also be combined into a single inverter with six phase-legs, so 

the power density can be further improved. If higher power 

rating is required, two or more inverters of this structure can be 

connected in parallel. 

VI. POWER LOSS ANALYSIS 

The device loss is analyzed first. It includes driving loss, 

conduction loss, and switching loss. The major concern of the 

proposed method is that although the turn-on loss is greatly 

reduced, the conduction loss and the turn-off loss may increase 

due to higher RMS current and turn-off current. Therefore, the 

loss comparison between the proposed method and the 

conventional constant switching frequency SVM method is 

calculated and shown in Fig. 20. The columns indicate the loss 

of the proposed method, and the error bars show the differences 

between the conventional method and the proposed method. In 

order to make a fair comparison, the conventional method also 

uses five-segment SVM to reduce switching loss. The switching 

frequency is set to 100 kHz, and the current ripple is neglected. 

The calculation is based on the same SiC device.  

Based on the RMS calculation of triangle waveform, the 

inverter side inductor RMS current with the proposed method 

is about 1.3 times of the sinusoidal RMS current, so the 

conduction loss is about 1.7 times of the conventional method. 

Meanwhile, the turn-off loss is approximately doubled. 

According to the device datasheet, the turn-on loss is about 40 

µJ at 400 V DC even though there is no drain current. It only 

increases a little with the drain current and is dominant by this 

offset at low current. Therefore, even with the conventional 

five-segment SVM that at any time only two switches (two 

phases) of each inverter experience hard switching, the turn-on 

loss is still significant. The driving loss difference between the 

two methods is small even at low power because of the low gate 

charge of the SiC MOSFET. It can be seen that although the 

proposed method has higher conduction loss, turn-off loss, and 

driving loss, the turn-on loss is greatly reduced, leading to lower 

total loss. The loss comparison can be more distinct at higher 

switching frequency. 

It is difficult to make a fair comparison for the filter loss 

because the filter has to be re-designed for the conventional 

method. The selections of switching frequency, current ripple 

and inductor core material all have a big impact on the loss. So 

the filter loss is compared qualitatively. It includes filter 

capacitors loss, inductors core loss, and copper loss. The 

capacitor loss of both methods can be neglected because of the 

low ESR of the film capacitor. Since the grid current is almost 

sinusoidal, the core loss of the grid side inductor L2 can also be 

neglected. The copper loss of L2 can be considered the same due 

to the same current and similar inductor parameter. For the 

inverter side inductor L1, although the core and copper loss with 

the proposed method may be large due to high current ripple 

and higher RMS current, the size of the inductor core and the 

winding length are much smaller compared to the conventional 

method. Therefore, the filter loss comparison results should not 

have a large difference between the two methods. 

The calculated filter loss breakdown of the proposed method 

is shown in Fig. 21. Since the inverter side current ripple is high, 

FFT is used to calculate the L1 copper loss at different 

frequencies. Ferrite material is used as the core, so the core loss 

is relatively low even with high current ripple. It is calculated 

 
Fig. 19.  Experimental prototype. 

 
Fig. 20.  Device loss comparison between proposed and conventional method. 
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Fig. 21.  Filter loss breakdown. 
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Fig. 22.  Measured efficiency at different loads 
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based on the experimental waveform and generalized Steinmetz 

equation (GSE). Although the switching frequency is high at 

light load, the current ripple is small, so the core loss is also low 

at light load. 

The measured conversion efficiency is shown in Fig. 22. The 

peak efficiency is 98.7% at 60% load. The efficiency can still 

achieve 97.7% at 20% load. The overall efficiency is high. 

Actually for some commercial products such as solar inverter 

and battery storage inverter, the CEC or European efficiency 

can also be higher than 97%, and some are even 98%. But the 

switching frequency is around 20 kHz, and the power density is 

less than 1 kW/L. Although the efficiency of the proposed 

method is similar to conventional method, the power density is 

significantly improved. The power circuit of the prototype can 

approximately achieve 3 kW/L. It can be further improved at 

higher grid voltage and with specific optimization. This is 

extremely important for aeronautic and military applications. 

The smaller size can also lower the cost of commercial product. 

In addition, the high switching speed benefit of GaN and SiC 

MOSFET can be fully exploited without the concern of high 

switching loss. 

VII. CONCLUSION 

This paper proposes a variable switching frequency SVM 

control method. It is used to achieve ZVS for two parallel 180° 

interleaved three-phase grid-connected VSI at unity power 

factor. Five-segment SVM is used to simplify the ZVS 

achievement so that only two phases need to achieve ZVS. The 

inverter side current ripple is analyzed at different cases. The 

most common situation that the DC voltage is less than √3 

times of the grid line to line peak voltage is studied in this paper. 

In order to achieve ZVS and minimize the circulation loss, the 

current ripple can be precisely controlled with the boundary 

switching frequency. The high current ripple at the inverter side 

can be considerably canceled due to the parallel interleaved 

configuration. LCL filter is used to further attenuate the current 

ripple and improve the power quality at the grid side. A 4.5 kW 

simulation and experimental prototype interfacing 400 V DC 

with three-phase 110 V AC grid are developed to verify the 

performance of the proposed control strategy. The advantages 

of this control strategy are as follows. 

1) A wide range of ZVS can be realized without any 

additional high bandwidth sensor, auxiliary circuit, or 

current zero crossing detection circuit. The switching 

frequency can be easily calculated and updated with full 

digital control. 

2) The switching loss is significantly reduced especially by 

using wide band-gap device. For the non-switching phase-

leg, the current ripple is tiny, resulting in lower device 

conduction loss and inductor losses. 

3) The power density can be greatly improved due to high 

switching frequency and low filter parameters of the filter. 

4) The stability of the inverter is not affected by the variable 

switching frequency control. The frequency calculation 

can still function well even in transient. Good dynamic 

response can be achieved with the proposed method. 

APPENDIX 

In case (b) of Fig. 3, the inductor voltages can be expressed 

as 
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The current ripple in case (b) can be written as 
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In case (c), 
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In case (d), 
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