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Abstract: The double-frequency (2w) power flows through the DC side of the single-phase
quasi-Z-source inverter (QZSI) leads to the 2w voltage ripple of capacitors and 2w current ripple
of inductors. This paper proposes a ripple vector cancellation modulation strategy (RVCMS) based
on the thought of ripple vector cancellation. By analyzing the mechanism of ripple generation and
transmission, we can obtain a variation of a shoot-through duty cycle to generate a compensated
2w ripple used to cancel the 2w current ripple of inductors caused by the 2w ripple of DC link
current, and the 2w compensated variation of a shoot-through duty cycle with a specific amplitude
and phase is added to the constant shoot-through duty cycle. Finally, simulation and experimental
results demonstrate the correctness and effectiveness of the proposed modulation strategy for the
single-phase QZSI.

Keywords: quasi-Z-source inverter; double-frequency ripple; ripple vector cancellation;
shoot-through duty cycle; modulation

1. Introduction

The single-phase quasi-Z-source inverter (QZSI) consists of two modules, a quasi-Z-source
network, and an H-bridge, and the quasi-Z-source network includes two inductors, two capacitors,
and a diode [1]. Different from traditional two-stage inverters, the QZSI reduces the number of active
devices, has no dead time, and can realize DC-DC and DC-AC by its unique impedance network and
shoot-through modulation method [2,3]. Currently, the QZSI has been widely studied and applied in
photovoltaic power generation, AC speed regulation, electric vehicles, and as a module in cascaded
multilevel inverters [4-7].

For the single-phase inverter system, the double-frequency (2w) power flows between the DC
side, and the AC side causes 2w ripples of capacitor and DC link voltage, 2w ripples of inductor
and DC link current. These 2w ripples will cause the temperature of passive devices and the DC
source to increase, which seriously affects their working life, distort the output voltage of the inverter,
and the low frequency current ripple components in the DC side will affect the maximum power
point tracking (MPPT) and reduce the efficiency of the photovoltaic system [8-14]. Therefore, it is
necessary to suppress the 2w ripple in the DC side. The simplest method to reduce the ripple is to
increase the value of the quasi-Z-source network to buffer 2w power in a large capacitor or inductor [8].
In [9], a parameter design method with a dynamic photovoltaic-panel and terminal capacitors for the
single-phase quasi-Z-source photovoltaic inverter was proposed to reduce the 2w ripple. However,
these methods will not only lead to large volume, large weight and high cost, but also reduce reliability
and efficiency due to the large value of capacitors and inductors in the quasi-Z-source network.
In [10], a comprehensive model and an asymmetric quasi-Z-source network design method for a
single-phase energy-stored quasi-Z-source-based photovoltaic inverter system were proposed to reduce
the 2w ripple.
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The active power filter (APF) technology is usually applied to the ripple suppression for QZSI.
In [11], an active-filter-integrated single-phase QZSI was proposed: The APF consists of an extra
switch leg and a second-order filter; the 2w pulsating power of the AC load is transferred to the
filter and the extra leg; the capacitor voltage and the inductor current in the DC side will no longer
have the 2w ripple component with this method, but an extra circuit means a higher cost and more
complicated control. In [12,13], 2w ripple control strategies were proposed based on feed-back control.
In [12], a low-pass filter was used to obtain the 2w ripple of the inductor current in the DC side
by extracting its DC component, which is used to generate a small variation of the shoot-through
duty cycle, and Reference [13] regards the 2w voltage ripple of the DC source as the feed-back
signal. Reference [14] proposes a 2w ripple suppression method based on feed-forward control: The
feed-forward signal is obtained by a ripple observer, which can observe the 2w current of the DC link
by detecting the output current of the inverter. References [12-14] can realize the suppression of the
2w ripple without an extra active filter circuit; we can call it virtual APF technology. However, they
still need filters or sensors to detect the 2w ripple components, which will increase the cost. Therefore,
the relationship between the variation of the shoot-through duty cycle and the 2w ripple in the DC
side, and realizing the suppression of the 2w ripple with less hardware, needs further study.

Reducing the modulation ratio of QZSI can effectively reduce the ripple content in the DC
side; however, with the decrease of the modulation ratio and the increase of the shoot-through
duty cycle, the harmonic distortion value of the inverter output voltage and the loss of switching
devices will increase [15]. Some new modified modulation strategies have been addressed. In [16],
a modified modulation strategy was proposed, which was different from the traditional modulation
strategy; the shoot-through control lines are modified to a line with a 2w component. Reference [17]
proposes a novel dual switching frequency modulation that combines low-frequency sinusoidal
pulse width modulation (SPWM) and high-frequency pulse width modulation (PWM) to remove
the interdependence between the shoot-through duty cycle and the inverter modulation index.
Reference [18] proposes two new space vector modulation strategies to reduce the inductor current
ripple based on the principle of the volt-second balance, which can divide shoot-through times
in real time. Reference [19] proposes a PWM strategy with a minimum inductor current ripple;
the shoot-through time interval of three phase legs are designed according to the active state and 0
state time. In [20], a finite-control-set model-predictive control algorithm for a quasi-Z-source four-leg
inverter based on the discrete time model and a predictive controller was proposed to minimize the
2w ripple in the DC side. Reference [21] proposed a model-based current control approach based on
the inherent relationship between the ripple component inductor and capacitor voltages in the DC
side. This approach can reduce the DC side inductor current ripple with active damping and constant
virtual time for single-phase grid-tied QZSI with an LCL filter.

This paper mainly focuses on the suppression of the 2w current ripple of inductors and
proposes a new modulation strategy based on ripple vector cancellation. In the modulation strategy,
the compensated 2w variation of the shoot-through duty cycle with a specific amplitude and phase
angle is obtained to cancel the 2w current ripple of inductors. Section 2 focuses on the operation
analysis, ripple transmission, and generation mechanism of single-phase QZSI. Section 3 presents the
proposed modulation strategy. Simulation and experimental studies are discussed in Section 4. Finally,
conclusions are given in Section 5.

2. Single-Phase QZSI

2.1. Operation and Steady-State Analysis

The topology of single-phase QZSI is shown in Figure 1. Due to the existence of the quasi-Z-source
network and the shoot-through state, both of the power switches in a leg can be turned on at the
same time, which is used to step up the voltage. During the shoot-through state, the diode turns off,
the inverter bridge is short circuited, the DC link voltage is 0, and the inverter does not generate the
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power to load. In the non-shoot-through state, the diode turns on, and the QZSI operates the same as a
conventional voltage source inverter (VSI). In a switching period, the state-space model of QZSI can be
obtained by using the state-space average method, as shown in (1), where iy, i1,, vc,, and vc, are the
current of inductors L; and Ly, the voltage of the capacitors is C; and Cy, vpc is the voltage of the DC
source, d is the shoot-through duty cycle, and ipy is the DC link current, respectively.

ac grid
or loads

Figure 1. Single-phase quasi-Z-source inverter (QZSI).

Figure 2 shows the conventional modulation strategy (CMS) for the single-phase QZSI using the
unipolar modulation strategy; its modulation waveforms are two sinusoidal waves with a difference
of 180°. The CMS uses two straight lines v, v, to generate the shoot-through duty cycle. When the
triangular carrier is greater than v, the switch S; or S3 turns on, and when the carrier is smaller
than vy, the switch S, or S4 turns on. Vs, and Vs, show the switch state of the switch S;-S4 in the
H-bridge, respectively.

di
Ll% = UpCc — (1 - d)vcl + dUCZ
Lz% = —(1 - d)?)cz + dvcl
U, . . .
Cl% = (1-4d)(ir, —ipn) —dip,
dUC2 o

Co— = (1-4d) (i1, —ipn) — dir,

)

Carrier waveform
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Figure 2. Conventional modulation strategy (CMS).

From (1), the DC components of the QZSI in the ideal case can be obtained as (2), where D is the
average value of the shoot-through duty cycle d, d = D +d, d is the variation of d, V¢, and V_, are the
average voltage of capacitor C; and Cy, I, and I}, are the average current of inductor I, and Ir,, Vpc
is the average voltage of dc source, and Ipy is the average value of the DC link current, respectively.

1-D
Ve, = 15pVpc

VCZ = 1_D2D Vbe (2)
_ 7 _ 1-D
I, = I, = 15pIpN
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The average value of the DC link voltage during the non-shoot-through time interval is

1

Vpn = Ve, + Ve, = 17D

Vbe 3)

2.2. Ripple Genertation Mechanism

The output voltage and current of the single-phase QZSI inverter can be expressed as (4), where
V, and I, are the amplitude of the output voltage and current, w is the fundamental frequency, and ¢
is the impedance angle of the load or grid, respectively.

0o = Vosin(wt), i = I, sin(wt — @) )

The DC link voltage vpy and the DC link current ipy can be expressed as (5), where Vpy, Ipy are
the average value and 9py, ipy are the 2w components of vpy, ipy, respectively.

opn = Vpn + OpN, ipn = Ipn + ipN 5)

From (4) and (5), the input power ppy and output power p, of the H-bridge can be calculated as
(6) and (7), respectively.

ppn = (1 - D)vpnipy = (1—D)(VpnIpn + Venipn + IpnOpN + ipnOPN) (6)

Po=3 VOIO cos ¢ — L VOIO cos (2wt — @) @)

The 2w component of the DC link current can be given as (8), where I, is its amplitude and « is
the phase angle.
ipN = Ipe cos (2wt — @) (8)

From ppy = po and Reference [12], the amplitude and phase angle of ipn can be calculated as

Volo[4w?LC - (1-2D)?]

IZa):_

. ©)
2(1-D) \/[4a)2LC - (1-2D)*| V2 + [4wLIpy(1 - D))

4CL)LIPN(]. - D)
[4a)2LC -(1- 2D)2]VPN

a = @ + arctan (10)

In (9), 4wLIpy(1 — D) is much smaller than [4a)2LC -(1- ZD)Z]VPN and can be ignored, therefore,
the 2w component of the DC link current can be expressed as

A Volo
=—— " 2wt — 11
ipN SA=D)Vom cos(2wt — o) (11)
From (6) and (7), Ipn can be calculated as
Volo
Ipy = —2 12
PN 20Dy ¥ 12

2.3. Ripple Transmission Mechanism

When the shoot-through duty cycle is a variable value, from (1), the small-signal model of
single-phase QZSI can be obtamed as (13) using the small signal analysis method with a constant
DC source voltage, where 1 le, le, Oc,, 0c, are the 2w components of the inductor current iy, ir,, the
capacitor voltage uc,, vc,, respectively.
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)Z’)C1 + DZAJC2 + (VC1 + VCZ)Gi
Lo—# = —(1=D)dc, + Doc, + (V, + Vc,)d
ClT =(1- D)iLl - Dip, - (1-D)ipn + (Ipn =1, _ILz)d

Co—7 = (1-D)iy, — Diy, = (1= D)ipn + (Ipn = I, = I,)d

The small signal model can be simplified as (14) under Ly = L, = L and C; = C; = C, which
means i = le = sz and 9c = Oc, = Oc, referring to [8].

(13)

di R ~
L# = —(1 —ZDZZ)C + (Vcl :i— ch)d ,\ (14)
CoF = (1-2D)i — (1= D)ipn + (Ipn — 211, )d

From (2), (3) and (14), the transmission mechanism model of the inductor current ripple (15) and
capacitor voltage ripple (16) can be obtained with Laplace transforms.

... (1-2D)1-D) ., CsVpc + (1-2D)Ipy
ule) = LCs2 + (1-2D)? () + (1-2D)[LCs? + (1-2D)?] &) 1)
@C(S) —(1 — D)LS pr (S) i (1 - ZD)VDC - LSIPN dA(s) (16)

T LG + (1-2D)? (1-2D)[LCs? + (1-2D)?]

In (15), the transfer functions can be expressed as (17) and (18), where Gz:L represents the transfer
PN

function of ipy to le, and G;E represents the transfer function of dtoir.

i _ (1-D)(1-2D)
G?PN (S)Lizo - LCSZ + (1 _ 2D)2 (17)

2 CsV 1-2D)I
G (S)'{‘m:o __ CsVpc+( )IpN 18)

(1-2D)[LCs? + (1-2D)?]

From (2), (11), (12), (15), and (16), in the steady state, assuming a constant shoot-through duty
cycle, we can get

VoI, (1-2D)V, I,

ir, =I, +1i, = =D vy COSP T ATt (120 v, cos(2wt — a)
. A Vol, (1-2D)V, I, _
ir, =1I, +i, = 32D}V COS P+ 2[rLe—(1-2D) 7V, cos(2wt — a) 19)
_ ~ _ 1-D wLV,l, : _
ve; = Ve +0¢ = 13pVpe F [402LC—(1-2D)*Vpy sin(2wt - a)
A LVolo ;
ve, = Ve, +0c, = %VDC + [ « sin(2wt — a)

402LC~(1-2D)*| Vpy

From (19), the 2w current ripple ratios of i, and i1,, the 2w voltage ripple ratios of vc, and vc,
can be defined as (20), (21), and (22), respectively.

i i 1-2D)?
IL—1 % 100% = 21 % 100% — ( )

L I, [4LCa? - (1-2D)*]cos

x 100% (20)

Oc 1-2D)wLV,I
= (1~ 2D)wLVoly

by =
Ve, (1-D)[4w?LC - (1 -2D)*|Ven Ve

x 100% (21)
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5 1-2D)wLV,]
el 1009, = (1~ 2D)wLVolo

by =
Ve, D[46?LC - (1-2D)*]VpnVie

x 100% (22)

3. Modulation Strategy Based on Ripple Vector Cancellation

The ripple transmission models (15) and (16) show that the 2w inductor current ripple and the
capacitor voltage ripple in the DC side are related to the variation ipy and d. If the shoot-through duty
cycle or the DC link current has a variation, the current of the inductors will contain variation 22 and 0.
This paper mainly focuses on the reducing of the 2w current ripple in the DC side. Therefore, regarding
fz caused by pr as the disturbance, which caused by d as the compensation, theoretically, the 2w
current ripple will be suppressed to 0 with an appropriate d. A 2w shoot-through duty cycle d = dy,,
with specific amplitude and phase angle, according to the magnitude of the 2w inductors current
ripple, can then be calculated based on the thought of the ripple vector cancellation. Adding the 2w
compensation variation dy,, to the constant shoot-though duty cycle D, at this time, the shoot-through
duty cycle can be expressed as

d =D +dy, (23)

From (23), the shoot-through duty cycle consists of a constant value and a 2w component, where D
is determined by the output voltage of the inverter and the DC source voltage and da,, is determined by
the actual 2w current ripple in the DC side. Different from the CMS, as shown in Figure 3, the proposed
ripple vector cancellation modulation strategy (RVCMS) uses two sine waveforms with 2w components
to generate the shoot-through duty cycle, where v, = 1-d and v, = -1 +d.

Carrier waveform

Vo

Modulation
~— waveform

v v v v v \V v v \v/ 1
AT L LT
dilia N LR
o I e 9 A Y

g

Figure 3. Proposed ripple vector cancellation modulation strategy (RVCMS).

—

n

The 2w compensated shoot-through duty cycle can be expressed as (24).
dy = Asin(2ut + B) (24)

From (17) and (18), the transfer function of ipy to d used to cancel the 2w current ripple of inductors
can be calculated as

G _(a-p)ja-20p

Gll (s) N CsVpc + (1-2D)Ipn
d

G(s) = (25)

and dy,, can be calculated by (26), where * represents the convolution.

~

dr = —ipn L7 [G(s)] (26)
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From (3), (10), (11), (24)—(26), the amplitude A and phase angle 8 of dyg can be calculated as

Volo(1-2D)°

A= 27)
2Vpc \/4602C2VDC2 + IpN2(1 - ZD)Z
1-2D)I 1-2D)(1-D)4wLI
ﬁ_arctan[( )PN]_ can )(1-D) a; PN 28)
20CVpc [402LC - (1-2D)*|Vpc

When the proposed da,, is applied, the entire 2w power is buffered by the capacitors and there is
no 2w power in the inductors and DC source. It should be noted that the 2w voltage ripple of capacitors
will reduce slightly when the 2w current ripple of the inductors are limited to 0. The phasor diagram
of the 2w power flows with a different modulation strategy are shown in Figure 4, where Pr_»,,, Pc_24),
Pje—2e, and P,_p, express the 2w power of two inductors, two capacitors, and DC source and loads,
respectively; the derivation and demonstration are given in Reference [12].

Figure 4. Phasor diagram of double-frequency (2w) power flows with the CMS (a) and RVCMS (b).

4. Simulation and Experimental Results

In order to verify the correctness and demonstrate the effectiveness of the proposed modulation
strategy for the ripple suppression effect, the 2w inductor current ripple must be large enough with the
CMS, and in Reference [8] the simulation model was built, and its parameters are shown in Table 1.
Figure 5 shows the simulation waveforms of d (a), i1, (b), i (c), ipy (d) v¢, (e), and vc, (f) with the CMS.
The average values of i, ipn, vc,, and vc, are 3.014 A, 3.022 A, 90.21 V, and 30.21 V, and the amplitude
of i, is 4.154 A, respectively. From Figure 5a, the shoot-through duty cycle is a constant; Figure 5b,d—f
show the 2w ripple of the inductor current and the DC link current, the capacitor voltage are quite
large with the CMS.

Table 1. Parameters of the single-phase QZSL

Parameters Value
Capacitors of QZS network Cy, Cy 1mF
Inductors of QZSI network Ly, Ly 1mH
Filter inductor Lg 4 mH
Voltage of DC source Vpc 60V
Load R 200
Average shoot-through duty cycle D 0.25
Modulation ratio M 0.7
Output frequency f 50 HZ
Carrier frequency fc 10 kKHZ

Figure 6 shows the simulation results of d (a), i, (b), i, (c), ipn (d), vc, (), and vc, (f) with the
RVCMS. With the proposed modulation strategy, the shoot-through duty cycle is a sine wave with a
2w component; the current of inductor and the DC link have a little 2w ripple. Figure 6e,f show the 2w
voltage ripple of capacitors reduced slightly compared to Figure 5e,f. The average values of ir, ipy,
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vc,, and vc, are 2.993 A, 2.995 A, 88.98 V, and 28.98 V, and the amplitude of i, is 4.145 A, respectively.
The simulation results show that the proposed RVCMS can effectively suppress the 2w current ripple
of inductors and can suppress the capacitor voltage ripple slightly compared to the CMS.

-5
©)
_1o
s
0
(@)
85 . . . . .
(e)
351 ' j ' ' ' 1
25¢ . . . . . e
0.34 0.36 0.38 0.4 0.42 0.44 0.46
(f) Time(s)

Figure 5. Simulation results of d (a), i1, (b), i, (c), ipx (d), v, (e), and v, (f) with the CMS.

0.28
0241 \/W

0.22 (é)

(@)
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©)

- -
S AVAVAVAVAVAVAVAVAVAVAVAY
25t

0.34 0.36 0.38 0.4 0.42 0.44 0.46
(f) Time(s)

Figure 6. Simulation results of d (a), i, (b), i, (c), ipx (d), vc, (e), and vc, (f) with the RVCMS.
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Table 2 lists the 2w ripple ratios with the CMS and RVCMS. It can be seen that the 2w inductor
current ripple ratios decreased from 40.15% to 1.69%; the 2w voltage ripple ratios of v¢c, decreased
from 3.14% to 2.53%, and vc, decreased from 9.40% to 7.75%. If low 2w ripple ratios in the DC side
with the CMS are required, the large inductance and capacitance are necessary. From (20) and (21),
assuming that a = 1.69% and b; = 2.53%, the inductance and capacitance of quasi-Z-source network
will be L = 36.89 mH and C = 1.03 mF, respectively, and the inductance is much larger than the value
with the RVCMS, achieving the same ripple suppression effect. Figure 7 shows the FFT spectrum of
the AC output current with the CMS and the RVCMS, and the total harmonic distortion (THD) are
3.46% and 3.54%, respectively. It can be seen that the proposed RVCMS has little effect on the output
power quality.

Table 2. The 2w ripple ratios with a different modulation strategy.

Strategy ir, (26} vc,
CMS 40.15% 3.14% 9.40%
RVCMS 1.69% 2.53% 7.75%

n
b
A
]
2
3
g

FET analysis = = = 0
e Fundamental (50Hz) = 4.154 , THD= 3.46% 3 Fundamental (50Hz) = 4.145 , THD= 3.54%
S 257 : ‘ ‘ ‘ 5 2° | | | |
GC) (O]
£ 2 g 2
< e}
e 1.5¢ S 1.5
> ° T '
T L
5 1f 5 1
°\; 0.5 | o5
g I 2 Al 1
0 2 4 6 8 10 =0 0 2 4 6 8 10
Harmonic order Harmonic order

(a) (b)

Figure 7. FFT spectrum of the AC output current with the CMS (a) and RVCMS (b).

A single-phase QZSI experimental prototype was built in the laboratory, as shown in Figure 8.
The PWM control signals of the proposed RVCMS and CMS for switches were generated by a
TMS320F28335 DSP. Figures 9 and 10 show the experimental results with the CMS and RVCMS,
respectively. The experimental results show that the 2w current ripple of inductors reduced greatly
and the 2w ripple of capacitors reduced slightly with the RVCMS compared to the CMS. Simulation
and experimental results verify that the proposed RVCMS can realize the suppression of 2w ripples in
addition to the functions of the DC-AC and voltage boost for the single-phase QZSI.

Figure 8. Experimental prototype in the laboratory.
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Tek S ® Stop M Pos: 0,000s
+

ANANANAANANANS

v, 150V /div. i :10A /div
Ve, 110V /div
CHZ "10.0A M 10.0ms
CH3 10,0 1=Aug=19 14:40
Figure 9. Experimental results with the CMS.

Tek Ayl ® Stop M Pos: 0.000s
+

v, 50V /div i, :10A /div
Ve, 110V /div
CHZ 100A M 10.0ms
CH3 10,0V 1-Aug-19 13:48

Figure 10. Experimental results with the RVCMS.

5. Conclusions

This paper proposed a minimum 2w inductor current ripple modulation strategy based on
the thought of ripple vector cancellation. The ripple generation and transmission mechanism
models for single-phase QZSI are built, which reveals the causes of the 2w ripple in the DC side.
The 2w-compensated variation of the shoot-through duty cycle used to cancel the 2w ripple of inductors
was obtained and added to the constant shoot-through duty cycle. The proposed modulation strategy
in this paper can effectively reduce the 2w current ripple of inductors and slightly reduce the 2w
voltage ripple of capacitors without adding any active or passive filter branches, and a small value
of inductors and capacitors are used to receive the same effect of the ripple suppression compared
to the CMS. Some comparative evaluation of simulation and experimental results demonstrated the
effectiveness and validity of the proposed RVCMS for the 2w ripple suppression of single-phase QZSI.
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