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Abstract—Through coupling the impedance network between
the grid and the conventional indirect matrix converter (IMC),
the LC-filter-integrated quasi-Z-source (qZS) IMC overcomes the
0.866 voltage gain limitation of the conventional IMC and also
avoids the input filter that is required to mitigate current harmon-
ics of the conventional qZS matrix converters. This paper further
investigates the voltage boosting and LC filtering function of the
LC-filter-integrated qZS IMC. The voltage gain, the filtering func-
tion, and qZS network parameters design are presented using a
small-signal model and circuit analysis. Simulation and experi-
mental results validate the built model, the voltage gain analysis,
and the parameters design of this type of qZS IMC. The input
current of the LC-filter-integrated qZS network is compared to the
conventional Z-source and qZS IMCs to investigate the integrated
LC filtering capability. The experimental results verify that the
LC-filter-integrated qZS network provides the necessary filtering
function. Thus, the traditional input filter can be eliminated, which
reduces the cost, power loss, volume, and weight for the overall sys-
tem, when compared with the other conventional topologies that re-
quire the input filter, even those with impedance-source networks.

Index Terms—Filter, matrix converter, modeling, quasi-Z-
source inverter, voltage gain.

I. INTRODUCTION

Amatrix converter (MC) directly connects an ac source to
an ac load without using intermediate energy storage. It

has attracted the attention of academia and industry because it is
an all-silicon power converter cell with the following features:
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Fig. 1. Topologies of conventional (a) DMC, and (b) IMC.

1) simple and compact power circuit without dc-link capaci-
tor; 2) output voltage with variable amplitude and variable fre-
quency; 3) sinusoidal input/output currents; and 4) unity power
factor operation at input side [1]–[3]. There are two types of MC
topologies: direct MC (DMC) and indirect MC (IMC), shown in
Fig. 1(a) and (b), respectively [3], [4]. The DMC and IMC have
similar system-level performance, including current harmonics,
maximum voltage gain of 0.866, and in practice both like other
converters, requiring input filters as shown in Fig. 1. IMC does
not have the current commutation problem of the DMC, making
it more attractive in applications, and is thus the focus of the
topology in this paper.

To overcome the voltage gain limitation of the MC, over-
modulation strategies have been proposed to increase the output
voltage [5], [6], but have the side-effect of creating low-order
harmonics at both the output voltage and the input current.
Another approach is to use a step-up transformer connected
between the power supply and the MC. It is a simple way to
raise the output voltage, but at the expense of volume, weight,
cost, and efficiency [7]. In yet another approach, an ac chop-
per was combined with the MC, creating the so-called matrix-
reactance frequency converter (MRFC), which enables a volt-
age gain greater than unity [8]. However, it increased the control
complexity and added extra power conversion stage, while the
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Fig. 2. ZS/qZS IMC with impedance-source network in dc link. (a) ZS IMC
and (b) qZS IMC.

voltage transfer ratio highly relied on the circuit and load pa-
rameters [7].

The Z-source (ZS) and quasi-Z-source (qZS) inverters were
developed to overcome the voltage limitation of buck-derived
voltage-source inverters (VSIs). Further advantages include
single-stage power conversion, short-circuit immunity, and wide
input voltage capability [9]–[11]. These advantages retain when
the ZS/qZS networks are embedded into the intermediate dc link
of the IMC [12]–[14] and the sparse MC with reduced switches
at rectifier side [15], [16]. Fig. 2(a) and (b) shows the ZS and
qZS IMC, respectively, with impedance network in the dc link
to overcome the voltage gain limit of the MC. They are lighter in
weight, more compact in volume, and have less power loss than
an IMC with a step-up transformer, even though bidirectional
switches exist in the impedance network. Simple modification
of the modulation enables the ZS/qZS IMC to operate without
affecting the output of the MC. Thus, it provides voltage gain
that is independent of the load without requiring a second power
conversion stage, unlike the MRFC. However, embedding the
qZS at the intermediate dc link means that the IMC is no longer
an all-silicon MC cell.

Consider the ZS/qZS networks located at the ac input side.
The ZS DMC [17], qZS IMC [18], and ZS IMC [19] were
proposed to extend the voltage gain, as shown in Fig. 3(a), (b),
and (c), respectively, while maintaining an all-silicon MC cell.
The disadvantage is that the input currents are discontinuous
which leads to higher total harmonic distortion (THD). Thus,
an input filter, like the second-order LC filter shown in Fig. 3,
is still required on the grid side to mitigate harmonic pollution
and improve grid-tie power quality.

An LC-filter-integrated qZS IMC, shown in Fig. 4, was pro-
posed in [19] to avoid the input filter of the conventional ZS/qZS
IMC in Fig. 3. The qZS network links the ac source directly to
the IMC. This novel qZS IMC has two important advantages:

Fig. 3. ZS/qZS MCs with impedance-source network at ac input side. (a) ZS
DMC [17], (b) qZS IMC [18], and (c) ZS IMC [19].

Fig. 4. LC-filter-integrated qZS IMC in [19].

1) voltage boost ability that overcomes the voltage gain limit of
conventional MCs; and 2) second-order filtering function that
avoids extra LC filter. In addition, it contains an all-silicon MC
cell and retains all other advantages of the conventional MC and
qZS inverters. Most importantly, the grid current is continuous
and sinusoidal without requiring an extra LC filter. The bene-
fits include reduced cost, low volume, low power loss, and low
weight. The voltage gain, voltage and current ripple, passive
components stress, power devices stress, etc., of the novel qZS
IMC, the traditional qZS IMC in Fig. 3(b), and the ZS IMC
in Fig. 3(c) were compared in [19]. The previous analysis and
the comparison result in [19] show that the novel qZS IMC
has more attractive applications in ac motor drives, than the
traditional ZS/qZS MCs.
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Fig. 5. Working states of the LC-filter-integrated qZS IMC. (a) Non-shoot-
through state and (b) shoot-through state.

This paper further contributes to the model for the LC-filter-
integrated qZS IMC by conducting an in-depth theoretical anal-
ysis of the voltage boosting and LC filtering functions, as well
as an investigation of the impedance design method. Simulation
and experimental results are presented to verify the model, the
theoretical analysis, and the parameters design.

II. OPERATION ANALYSIS OF NOVEL QZS IMC

A. Discussed Topology

As shown in Fig. 4, the LC-filter-integrated qZS IMC is com-
prised of three parts: the qZS network, the front-end rectifier,
and the back-end inverter. The qZS network includes three cou-
pled inductors (La 1 coupled to La 2 , Lb1 coupled to Lb2 , Lc 1
coupled to Lc2), six capacitors Ca 1 , Ca 2 , Cb1 , Cb2 , Cc1 , and
Cc2 , three bidirectional switches Sa , Sb , and Sc , where the three
switches can operate from one gate signal Sx . This topology has
two modes of operation, buck and boost modes, realized by two
states, shoot-through and non-shoot-through states.

B. Buck Operation

In the buck operating mode, the three switches Sa , Sb , and Sc

are turned ON. The front-end rectifier and the back-end inverter
are modulated to achieve the desired output voltage in the same
way as a conventional IMC.

C. Boost Operation

The boost mode operation includes two states, i.e., shoot-
through state and non-shoot-through state, as shown in Fig. 5.
The voltage boost is achieved by adjusting the shoot-through
time.

1) Non-Shoot-Through State: In the non-shoot-through state
of Fig. 5(a), the three switches Sa , Sb , and Sc are turned ON
and the front-end rectifier works in the conventional way. During
this period, the inductors discharge to the capacitors; each output
phase voltage of the qZS network is the sum of two capacitor
voltages. Due to La 1 = La 2 = Lb1 = Lb2 = Lc1 = Lc2 = L
and Ca 1 = Ca 2 = Cb1 = Cb2 = Cc1 = Cc2 = C, from Fig.
5(a), the following expressions can be obtained:

LpIL1 = ui − uC 1 − RLIL1 (1)

LpIL2 = −uC 2 − RLIL2 (2)

LpIL1 = ui + uC 2 − u′ − RLIL1 (3)

CpuC 1 = IL1 − I′ (4)

CpuC 2 = IL2 − I′ (5)

where p = d/dt; the qZS inductor-L1 current IL1 =
[ iLa1 iLb1 iLc1 ]T , i.e., the grid current; the qZS inductor-
L2 current IL2 = [ iLa1 iLb1 iLc1 ]T ; the qZS capacitor-
C1 voltage uC 1 = [uC a1 uC b1 uC c1 ]T ; the qZS capacitor-
C2 voltage uC 2 = [uC a1 uC b1 uC c1 ]T ; the grid voltage
ui = [ua ub uc ]T ; the qZS network output voltage u′ =
[u′

a u′
b u′

c ]T ; the qZS network output current I′ = [i′a i′b
i′c ]

T ; RL is the stray resistance of inductors.
2) Shoot-Through State: During the shoot-through state, the

three switches Sa , Sb , and Sc are turned OFF at the same time,
the input side of front-end rectifier is short circuit, and hence
both the qZS inductors in each phase charge. Fig. 5(b) shows
the equivalent circuit, where the switches of qZS network are
OFF and the upper switches of front-end rectifier are ON. From
Fig. 5(b), there are

LpIL1 = ui + uC 2 − RLIL1 (6)

LpIL2 = uC 1 − RLIL2 (7)

CpuC 2 = −IL1 , CpuC 1 = −IL2 . (8)

If the shoot-through time is T0 in one switching cycle Ts ,
shoot-through duty cycle is defined as D = T0/Ts . The output
voltage u′ of qZS network can be boosted to the desired value
through changing shoot-through duty cycle D.

III. SMALL-SIGNAL MODELING OF QZS IMC

The state-space model is obtained from (1)–(8)
⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

LpIL1 = (1 − D)(ui + uC 2 − u′ − RLIL1)

+D(ui + uC 2 − RLIL1)

LpIL2 = (1 − D)(−uC 2 − RLIL2) + D(uC 1 − RLIL2)

CpuC 1 = (1 − D)(IL1 − I′) − DIL2

CpuC 2 = (1 − D)(IL2 − I′) − DIL1 .
(9)

Note that in (9) and the rest of this paper, the vectors IL1 , IL2 ,
uC 1 , uC 2 , u′, and ui are replaced by iL 1 , iL 2 , uC 1 , uC 2 , u′, and
ui ; the equations of each phase rather than three phases can be
obtained, as shown in (10) that is the average state-space
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equations of one phase. Consider the symmetric case in
which La 1 = La 2 = Lb1 = Lb2 = Lc1 = Lc2 = L and Ca 1 =
Ca 2 = Cb1 = Cb2 = Cc1 = Cc 2 = C, so iL 1 = iL 2 = iL .
Thus, (10) follows:

⎡

⎢
⎣

L 0 0

0 C 0

0 0 C

⎤

⎥
⎦ p

⎡

⎢
⎣

iL

uC 1

uC 2

⎤

⎥
⎦ =

⎡

⎢
⎣

−RL D − 1 D

1 − 2D 0 0

1 − 2D 0 0

⎤

⎥
⎦

×

⎡

⎢
⎣

iL

uC 1

uC 2

⎤

⎥
⎦+

⎡

⎢
⎣

1 0

0 D − 1

0 D − 1

⎤

⎥
⎦

[
ui

i′

]

.

(10)

Small-signal perturbations are included in the input voltage,
output current of qZS network, and the shoot-through duty cycle,
respectively, which results in ui = ūi + ûi , i′ = ī′ + î′, and d =
D + d̂. From (10), the small-signal state equations are

⎡

⎢
⎣

Lp̂iL

CpûC 1

CpûC 2

⎤

⎥
⎦ =

⎡

⎢
⎣

−RL D − 1 D

1 − 2D 0 0

1 − 2D 0 0

⎤

⎥
⎦

⎡

⎢
⎣

îL

ûC 1

ûC 2

⎤

⎥
⎦

+

⎡

⎢
⎣

1 0 ūC 1 + ūC 2

0 D − 1 ī′ − 2̄iL

0 D − 1 ī′ − 2̄iL

⎤

⎥
⎦

⎡

⎢
⎣

ûi

î′

d

⎤

⎥
⎦. (11)

In the s-domain, the small-signal expressions for the capacitor
voltages and inductor currents are

⎧
⎪⎪⎨

⎪⎪⎩

ûC 1 (s) = GC 1ui (s) ûi (s) + GC 1ii (s) î′ (s) + GC 1d (s) d̂ (s)

ûC 2 (s) = GC 2ui (s) ûi (s) + GC 2ii (s) î′ (s) + GC 2d (s) d̂ (s)

îL (s) = GLui (s) ûi (s) + GL ii (s) î′ (s) + GLd (s) d̂ (s)
(12)

where the G terms are in (13)–(21) shown at the bottom of the
page.

IV. VOLTAGE GAIN INVESTIGATION

A. Modeling IMC

The input-current space vector modulation (SVM) and
output-voltage SVM are applied to the front-end rectifier and
the back-end inverter, respectively, of the LC-filter-integrated
qZS IMC [19].

For the front-end rectifier, the switching modes of the rectifier
stage can be classified as active vector state and zero vector
state, and the shoot-through zero vector is inserted during the
rectifier’s zero vector states. In the shoot-through zero vector,
the three-phase source is short-circuited to boost voltage. The
vector duty cycles are calculated from

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

dα = mi sin
(

π
3 − θi

)

dβ = mi sin θi

ds = const (ds < 1 − dα − dβ )

dor = 1 − dα − dβ − ds

(22)

GC 1ui (s) =
C(1 − 2D)

s2C2L + sRLC2 + (1 − D)(1 − 2D)C − DC(1 − 2D)
(13)

GC 1ii (s) =
(D − 1) C (sL + RL )

s2C2L + sRLC2 + (1 − D) (1 − 2D) C − DC(1 − 2D)
(14)

GC 1d (s) =
(1 − 2D) C (ūC 1 + ūC 2) + C (sL + RL ) (̄i′ − 2̄iL )

s2C2L + sRLC2 + (1 − D) (1 − 2D) C − DC(1 − 2D)
(15)

GC 2ui (s) =
C (1 − 2D)

s2C2L + sRLC2 + (1 − D) (1 − 2D) C − DC(1 − 2D)
(16)

GC 2ii (s) =
(D − 1) C (sL + RL )

s2C2L + sRLC2 + (1 − D) (1 − 2D) C − DC(1 − 2D)
(17)

GC 2d (s) =
(1 − 2D) C (ūC 1 + ūC 2) + C (sL + RL ) (̄i′ − 2̄iL )

s2C2L + sRLC2 + (1 − D) (1 − 2D) C − DC(1 − 2D)
(18)

GLui (s) =
C2s

s2C2L + sRLC2 + (1 − D) (1 − 2D) C − DC(1 − 2D)
(19)

GL ii (s) =
(D − 1)2C + D (D − 1) C

s2C2L + sRLC2 + (1 − D) (1 − 2D) C − DC(1 − 2D)
(20)

GLd (s) =
sC2 (ūC 1 + ūC 2) + (D − 1) C (̄i′ − 2̄iL ) + DC (̄i′ − 2̄iL )
s2C2L + sRLC2 + (1 − D) (1 − 2D) C − DC(1 − 2D)

(21)
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Fig. 6. Switching sequence for the LC-filter-integrated qZS IMC.

where mi is the modulation index of the front-end rectifier; θi is
the input current vector angle; dα , dβ , ds , and dor are the duty
cycles of different current vectors in one switching period.

The back-end inverter operates the same as a conventional
VSI, which has six active vectors and two zero vectors; the duty
cycles are calculated by

⎧
⎪⎪⎨

⎪⎪⎩

dμ = mo sin
(π

3
− θo

)

dν = mo sin θo

doi = 1 − dμ − dν

(23)

where mo is the modulation index of the back-end inverter;
θo is the output voltage vector angle; dμ , dν , and doi are the
duty cycles of output voltage active vectors and zero vector,
respectively.

To balance the input currents and the output voltages in the
switching period, the modulation pattern should produce all
combinations of the rectification and inversion switching states;
the final switching sequence is shown in Fig. 6. The correspond-
ing duty cycles can be calculated by

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

dμα = dμ · dα

dμβ = dμ · dβ

dνα = dν · dα

dνβ = dν · dβ

doiα = doi · dα

doiβ = doi · dβ

(24)

where Ts is the switching period; dμα , dμβ , dνα , dνβ , doiα , and
doiβ are the duty cycles of different output voltage vectors in
one switching period.

The obtained switching signals are utilized to operate the
qZS IMC’s power switches, where the rectifier side has six
bidirectional switches and the inverter side has six insulated-
gate bipolar transistors, both connected by a fictitious dc link
(without capacitor or dc/dc converter). The switching function
of a single switch for both bridges is defined as

Sxy =

{
1, Switch Sxy closed

0, Switch Sxy open
, x = a, b, c, A, B, C ; y = p, n.

(25)
For the rectifier side, the dc-link voltage udc is a function of

the rectifier switches’ switching states and the output voltages

u′ of qZS network, as follows:

udc = [Sap − San Sbp − Sbn Scp − Scn ] · u′. (26)

The output currents I′ of qZS network are functions of the
rectifier switches’ switching states and the dc-link current idc as
follows:

I′ =

⎡

⎣
Sap − San

Sbp − Sbn

Scp − Scn

⎤

⎦ · idc . (27)

For the inverter side, the dc-link current idc is a function of
the inverter switches’ switching states and the output currents
iA , iB , and iC as

idc =
[
SAp SBp SC p

]
·

⎡

⎣
iA
iB
iC

⎤

⎦ =
[
SAp SBp SC p

]
· Io .

(28)
Finally, the output voltages of inverter stage are synthesized

as a function of the inverter switches’ switching states and the
dc-link voltage udc as

uo =

⎡

⎣
uA

uB

uC

⎤

⎦ =

⎡

⎣
SAp − SAn

SBp − SBn

SC p − SC n

⎤

⎦ · udc . (29)

Equations (25)–(29) present the mathematical model of the
IMC on the basis of the switching states in the rectifier and
inverter stages, respectively. The operational condition of the
IMC is that the dc-link voltage must be always positive or zero,
i.e., udc ≥ 0.

B. Voltage Gain Analysis

In steady state, the inductor average voltage and the capacitor
average current are zero over one switching period. From (9),
there are

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

uC 1 =
(1 − D) ui − RLiL

1 − 2D

uC 2 =
Dui − RLiL

1 − 2D

u′ =
ui − 2RLiL

1 − 2D
iL1 = iL2 = iL

i′ =
1 − 2D

1 − D
iL .

(30)

From (30), if the resistance of inductor is ignored, the voltage
boost factor B is expressed as

B =
u′

ui
=

1
1 − 2D

. (31)

From (22)–(29), the average dc-link current Idc and the virtual
dc-link peak voltage Vdc of the IMC are obtained as

Idc =
1

1 − D
Iom mo cos θout , Vdc =

3
2
Vim mi cos θind (32)

where Iom denotes the amplitude of inverter output current Io ,
θout denotes the output displacement angle, Vim denotes the
amplitude of rectifier input voltage u′, and θind denotes the
input displacement angle.
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Fig. 7. Voltage gain versus modulation index of the novel qZS IMC.

Applying power balance at the inverter side results in the
expression

(1 − D)VdcIdc =
3
2
Vom Iom cos θout (33)

where Vom denotes the amplitude of inverter output voltage uo .
The input current vector IL1 collinear with the input voltage

vector ui in Fig. 4 to achieve unity power factor [20]. From (32)
and (33), the inverter output voltage amplitude is associated with
the input voltage amplitude of

Vom = Vim mimo. (34)

Then, from (31) and (34), the voltage gain G of the discussed
qZS IMC is obtained as

G =
Vom

Um
=

mimo

1 − 2D
= Bm (35)

where Um denotes the amplitude of grid voltage, and m =
mimo denotes the modulation index.

Fig. 7 shows the voltage gain versus the modulation index m.
The LC-filter-integrated qZS IMC can achieve the voltage gain
greater than 0.866 by choosing the modulation index (m) and
shoot-through duty ratio (D).

V. QZS NETWORK’S FILTERING FUNCTION INVESTIGATION

The filtering function of the qZS network is investigated
through the circuit large signal analysis and s-domain small-
signal analysis.

A. Circuit Large Signal Analysis

As shown in Fig. 4, the grid current IL1 is continuous due to
the qZS inductor La 1 , Lb1 , and Lc1 ; thus, the novel qZS IMC
does not require additional input filter but has the advantages
of voltage boost function and conventional IMC. The main dif-
ference between the conventional ZS/qZS MCs in Fig. 3 and
the LC-filter-integrated qZS IMC in Fig. 4 is that the latter has
no explicit input filter yet draws continuous ac current from the
grid, which demonstrates that the LC-filter-integrated qZS net-
work has the filtering function. On the other hand, the converters
in Fig. 3 require additional LC filters to draw a continuous cur-
rent from the grid; otherwise, discontinuous ac current will flow
through the grid. In addition, the discontinuous input currents of
ZS and qZS networks in Fig. 3 have much higher current peak

Fig. 8. Signal flow diagram of small-signal model of the grid currents IL 1 .

values than those in Fig. 4, which causes high current stress to
power devices.

For the conventional ZS/qZS MCs, as shown in Fig. 3, the ad-
ditional LC filter is required to filter the high-frequency compo-
nents from the input currents of ZS/qZS network. For example,
the input currents if a , if b , and if c of qZS network in Fig. 3(b)
are discontinuous and have high-frequency components, which
are not allowed to flow into the grid due to high harmonic com-
ponents. Therefore, the additional LC filter is used between the
grid and qZS network in Fig. 3(b), which results in grid currents
ia , ib , and ic in Fig. 3(b) that are continuous and have low har-
monic components. The employed LC filter is a second-order
system; considering phase a in Fig. 3(b), the filter is modeled as

{
Lf pia = (ua − uf a ) − Rf ia

Cf puf a = ia − if a

⇒
(
Lf Cf p2 + Rf Cf p + 1

)
ia = if a + Cf pua (36)

where Lf is the filter inductance; Cf is the filter capacitance;
Rf is the filter damping resistance; uf a and if a are the phase-a
input voltage and current of qZS network, respectively; ua and
ia are the grid voltage and current in the phase a, respectively,
as shown in Fig. 3(b).

For the LC-filter-integrated qZS IMC, the following expres-
sion follows from the large signal state-space equations given
in (9):

{
Lp(iL1 + iL2) = ui − (1 − 2D)u′ − RL (iL1 + iL2)

Cp(uC 1 + uC 2) = (1 − 2D)(iL1 + iL2) − 2(1 − D)i′.
(37)

From (30), the output voltage of qZS network in Fig. 4 is
u′ = uC 1 + uC 2 . Then, from (37), the second-order system of
qZS network in Fig. 4 is obtained as

[LCp2 + RLCp + (1 − 2D)2 ] (iL1 + iL2)

= 2 (1 − D) (1 − 2D) i′ + Cpui.

Due to iL1 = iL2 , there is

[LCp2 + RLCp + (1 − 2D)2 ] iL1

= (1 − D) (1 − 2D) i′ + 0.5 Cpui. (38)

It shows that the (38) has the same expression with (36), but
they have the different coefficients, which demonstrates that the
qZS network between the grid and the IMC bridges has filtering
capability in Fig. 4.

B. s-Domain Small-Signal Analysis

The grid currents IL1 in Fig. 4 are given in (12) as the small-
signal model. When the signal flow diagram is employed, it is
shown in Fig. 8.
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GLui(s) is the transfer function related to the grid voltage ui ,
which is independent of the output current I′ of qZS network;
GL ii(s) is the transfer function related to the output current I′
of qZS network, which is independent of the grid voltage ui ;
GLd(s) is the transfer function related to the shoot-through duty
ratio D. GL ii(s) presents the relation between the current I′ and
grid currents IL1 , which has the expression in (20) and is the
same to a conventional LC filter, so the qZS network of novel
qZS IMC has filtering capability with GL ii(s).

From (20), the characteristic frequency ωn and damping fac-
tor ζ of GL ii(s) are

⎧
⎪⎪⎨

⎪⎪⎩

ωn =
1 − 2D√

LC

ζ =
(RL + RC )C

2(1 − 2D)
√

LC

(39)

which shows that the filtering performance of GL ii(s) is related
to the capacitance and inductance of qZS network, and the shoot-
through duty cycle.

Fig. 9 shows the Bode plots of qZS network transfer function
GL ii(s). It can be seen that with the increase of qZS inductance,
qZS capacitance, and shoot-through duty ratio, the resonant
frequency and crossover frequency of GL ii(s) decrease, bene-
fiting to the increase of system stability. In addition, when the
qZS inductance and qZS capacitance increase, the amplitude-
frequency characteristic changes steeply and the quality fac-
tor increases, whereas the amplitude-frequency characteristic
changes gently and the quality factor decreases when the shoot-
through duty ratio increases.

VI. PARAMETERS DESIGN OF QZS NETWORK

From the analysis of aforementioned filtering function, the
qZS inductor must limit the switching frequency ripple current
to within the required limit. For instance, the grid current THD
should be less than 5% of the fundamental current required by
the IEEE 519 [21]. The qZS capacitor should limit switching
frequency ripple of the output voltage u′ of qZS network. In
addition, it is necessary that the grid current is drawn at the
unity power factor, i.e., the input displacement angle is close to
zero at the fundamental frequency f0 of the grid.

A. Switching Frequency Ripple Limit

From Fig. 5(a), when using the phase a as example, we can
calculate the inductor current ripple as

ΔiL =
|ua − uC a1 | (1 − D)

fsL
. (40)

From Fig. 5(b), the capacitor voltage ripple is calculated as

ΔuC =
iLa1DTs

C
. (41)

Assume that the desired inductor current ripple is within
k1Irated , and the desired capacitor voltage ripple is within
k2VC ,rated , where k1 and k2 are coefficients; and Irated and
VC ,rated are the rated grid current and the capacitor-C2 rated
voltage, respectively, where VC ,rated = DVs/(1–2D) with Vs

for the rms grid voltage. It can be seen that k1 and k2 are related
to the switching frequency ripple of grid current IL1 and the

Fig. 9. Bode diagrams of qZS network transfer function GL ii (s). (a) At
inductance changes, (b) at capacitance changes, and (c) at changes of shoot-
through duty cycle.

output voltage u′ of the qZS network. Then, the qZS inductance
is constrained by

L ≥ Um D (1 − D)
(1 − 2D) fsk1Irated

. (42)

The qZS capacitance is constrained by

C ≥ Irated (1 − 2D)
fsk2Vs

. (43)

The selection of k1 and k2 should consider the following
factors: 1) a large k1 is preferable to have a smaller inductance,
but which causes higher harmonic components injected into
the grid; therefore, the k1 should be less than 5%; 2) a large
k2 is preferable to have a smaller capacitance, but which may
affect the output voltage quality of qZS IMC. The virtual dc-
link voltage udc of qZS IMC is the line-to-line voltage of qZS
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TABLE I
PARAMETERS IN SIMULATION AND EXPERIMENT

Description Value

Power rating 1.5 kW
Capacitance of ZS/qZS network 300 μF
Inductance of ZS/qZS network 2 mH
Shoot-through duty cycle 0.15
Switching frequency, fs 10 kHz
Input voltage frequency, f0 50 Hz
Load resistance, RL 5 Ω
Load inductance, LL 3 mH

Fig. 10. Experimental setup of the ZS/qZS IMC.

network output; from (31), the maximum value of udc is

udc,max =
√

3u′
a,max =

√
3

1 − 2D
ua,max =

√
3

D
uC a2,max .

(44)
When D = 1/3, udc,max = 5.19 × uC a 2,max , so k2VC ,rated

= udc,max × k2/5.19. Due to the doubled high-frequency volt-
age ripple on the output voltage of qZS network, which is from
the two series capacitors C1 and C2 of qZS network at the non-
shoot-through state, the high-frequency voltage ripple ratio of
the virtual dc-link voltage is

δ = 2k2VC ,rated/udc,max = 2k2/5.19. (45)

In general, the voltage ripple of virtual dc-link can be ignored
when δ<5%, so k2 should be less than 13%.

B. Power Factor and Cut-off Frequency Requirements

The input displacement angle of the novel qZS IMC is ob-
tained as [20]

θind = arctan
2πf0Cu′

Irated
− arctan

2πf0LIrated

u′[1 − 4π2f 2
0 LC ]

= arctan
2πf0Cui

(1 − 2D)Irated
− arctan

2πf0 (1 − 2D)LIrated

ui [1 − 4π2f 2
0 LC ]

.

(46)

Therefore, the power factor is constrained as

cos θind ≥ pfmin (47)

Fig. 11. Input voltage ui , input current iL , and output voltage u′ of qZS-
network when testing the novel qZS IMC. (a) Small-signal model-based results,
(b) circuit simulation-based results, and (c) experimental results.

where pfmin denotes the minimum power factor.
From the small-signal analysis of filtering function in Section

V and (39), the cut-off frequency ωn of GL ii(s) should be less
than one decade of the switching frequency, which provide the
following constraint

ωn =
1 − 2D√

LC
≤ 2πfs

10
. (48)

From (42)–(48), following steps are used to design the qZS
inductance and capacitance of the novel qZS IMC: 1) At the
required grid voltage ui (i = a, b, and c), the rated grid current
Irated , and shoot-through duty ratio D, the k1 and k2 are selected
by k1 ≤ 5% and k2 ≤ 13% (referring to the aforementioned
explanation) to compute L and C from (42) and (43) to limit
the switching frequency voltage and current ripple within the
required range; 2) then the calculated L and C from the step
1 are used to evaluate input power factor cos θind and the cut-
off frequency ωn according to (46)–(48); 3) if the cos θind is
over the minimum power factor pfmin and the ωn is less than
one-tenth switching frequency, then the calculated L and C are
confirmed; otherwise, L and C will be recalculated starting from
the step 1 while regulating ripple limits k1 and k2 .
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Fig. 12. DC-link voltage udc , output pulse voltage uo , and load current io of
the novel qZS IMC. (a) Simulation results and (b) experimental results.

VII. SIMULATION AND EXPERIMENTAL RESULTS

Simulation and experimental tests were performed to verify
the analysis of the LC-filter-integrated qZS IMC shown in Fig.
4 and to compare the novel converter with the conventional qZS
IMC and ZS IMC shown in Fig. 3(b) and (c). A 1.5-kW ZS/qZS
IMC system is considered. Table I lists the parameters.

The grid voltage amplitude is 50 V; boosting factor B = 2, i.e.,
D = 0.25 and the output voltage amplitude of qZS network is
100 V; switching frequency fs = 10 kHz. For the qZS network
parameters, k1 = 5% and k2 = 10% are iteratively confirmed
by using the design method in Section VI, at which the qZS
inductance L = 1.9 mH, qZS capacitance C=283 μF, power
factor cos θind = 0.957, and cut-off frequency ωn = 687 rad/s.
Therefore, the 2-mH qZS inductance and 300-μF qZS capaci-
tance are selected in the prototype.

Fig. 10 shows the experimental setup. The controller is with
digital signal processor executing the main algorithm and the
complex programmable logic device extending the gate signals
for the switches. A transformer is connected at the grid side to
lower the grid voltage level before connecting to the ZS/qZS
IMC. The experimental bench can be used to test the conven-
tional qZS IMC and ZS IMC in Fig. 3(b) and (c), respectively,
also to test the LC-filter-integrated qZS IMC in Fig. 4, through
changing the connections and components.

A. Investigation of Modeling

The small-signal model in (11)–(21) is compared to circuit
simulation and experimental results. Fig. 11(a), (b), and (c)
shows the small-signal model-based results, circuit simulation-
based results, and experimental results of qZS-network input
voltage ui , input current iL , and output voltage u′, respectively.
Note that the qZS-network output voltage u′, in Fig. 11(a) is
the peak value envelope from the small-signal model. The same

Fig. 13. Experimental results when testing the ZS IMC in Fig. 3(c). (a) Input
current of ZS network, (b) grid voltage and current, dc-link voltage udc , and
(c) output pulse voltage and load current.

50-V grid voltage amplitude and shoot-through duty cycle of
0.15 are performed to the three cases.

From Fig. 11, it can be seen that the small-signal model-
based results, circuit simulation-based results, and experimen-
tal results well match each other, except that the qZS-network
output voltage u′ in experiment is little bit lower than the simu-
lated voltage, which is caused by practical voltage drops on the
inductors and power devices.

B. Voltage Gain Verification

Fig. 12(a) and (b) shows the circuit simulation-based results
and experimental results of the LC-filter-integrated qZS IMC,
where the 50-V grid voltage amplitude, 30-Hz output frequency,
simple boost control, and shoot-through duty cycle of 0.15 are
performed. When ignoring the stray resistance of inductors,
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Fig. 14. Experimental results when testing the qZS IMC in Fig. 3(b). (a) Input
current of qZS network, (b) grid voltage and current, dc-link voltage udc , and
(c) output pulse voltage and load current.

from (31), the boost factor is 1.43. Simulated dc-link peak volt-
age is 71 V in Fig. 12(a), and the boost factor is B = 71/50 =
1.42. Experimental dc-link peak voltage is 69 V in Fig. 12(b),
and the boost factor is 1.38. They are well identical to the theo-
retical values.

C. Filtering Function Verification

In order to investigate the filtering ability of ZS/qZS/LC-filter-
integrated-qZS network, in the ZS-IMC/qZS-IMC/LC-filter-
integrated-qZS-IMC shown in Figs. 3(c), (b), and 4, the input
currents of ZS network, qZS network, and LC-filter-integrated
qZS network are specially shown in Figs. 13–15, respectively,
during performing experiments of three converter systems.

Fig. 15. Experimental results when testing the LC-filter-integrated qZS IMC
in Fig. 4. (a) Grid voltage and current, dc-link voltage udc . Note: grid current
is the input current of LC-filter-integrated qZS network and (b) output pulse
voltage and load current.

The input current of ZS network when testing ZS IMC in
Fig. 3(c) shows discontinuous waveform and high harmonics
with THD of 55.61%, as shown in Fig. 13(a); for the qZS IMC
in Fig. 3(b), the discontinuous input current of qZS network
also causes high harmonics with THD of 58.06%, as shown in
Fig. 14(a). However, in the test of LC-filter-integrated qZS IMC
in Fig. 4, the continuous input current of LC-filter-integrated
qZS network results in a low harmonic waveform with THD of
5.22%, as shown in Fig. 15(a).

From Figs. 13–15, it can be seen that the LC-filter-integrated
qZS IMC can be directly connected to the grid without additional
input filter, as shown in Fig. 4, because of filtering function of
the LC-filter-integrated qZS network. However, for the other
two topologies, i.e., the qZS IMC and ZS IMC shown in Fig.
3(b) and (c), the ZS network and qZS network cannot be directly
connected to the grid, and additional input filters are necessary
between the grid and ZS/qZS network, as shown in Fig. 3. In fact,
the additional input filter consisted of 3-mH filter inductance and
50-μF filter capacitance is employed to smooth the grid current
satisfying the THD standard (less than 5%) in testing the qZS
IMC and ZS IMC shown in Fig. 3(b) and (c). Additional input
filter and ZS/qZS network cause the qZS IMC and ZS IMC
shown in Fig. 3(b) and (c) to have high cost, high volume, high
loss, and high weight, when compared to the novel qZS IMC in
Fig. 4.

Figs. 13(b) and 14(b) show the grid currents, which show the
low harmonic waveforms with THDs of 2.08% and 2.94%, re-
spectively. However, the efficiencies of the LC-filter-integrated
qZS IMC, ZS IMC, and qZS IMC are 89.67%, 88.83%, and
83.61%, respectively, which shows that additional input filters
cause more loss from the ZS IMC and qZS IMC.

Figs. 13(c), 14(c), and 15(b) show the 20-Hz load currents and
pulse voltages from the ZS IMC, qZS IMC, and novel qZS IMC,
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respectively. Fig. 13(c) shows a lower load current compared to
Figs. 14(c) and 15(b), because the ZS IMC in Fig. 3(c) has lower
voltage gain than the qZS IMC in Fig. 3(b) and the novel qZS
IMC in Fig. 4.

VIII. CONCLUSION

An in-depth investigation was conducted on small-signal
modeling, voltage gain, filtering function, and parameters de-
sign of the LC-filter-integrated qZS IMC in this paper. The novel
qZS IMC linked the qZS network between the grid and the IMC
bridge. Second-order input filtering was achieved without the
need for a dedicated input filter and voltage boost capability was
achieved that extended the voltage gain of IMC beyond the tradi-
tional limit of 0.866. The small-signal modeling of qZS network
was presented. Based on that, the voltage gain was derived, the
filtering capability was analyzed, and the qZS inductance and
capacitance were designed for the novel qZS IMC. A prototype
was built to validate the theoretical analysis and parameters de-
sign method. The small-signal model was verified by comparing
with circuit simulation-based results and experimental results.
The voltage gains in simulation and experiment matched the
calculated results. At the designed impedance parameters, the
input current waveforms and THD of the LC-filter-integrated
qZS IMC were compared with those of conventional ZS IMC
and qZS IMC. The results demonstrated continuous input cur-
rent and much low THD of the novel qZS IMC, verifying its
filtering function.
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