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Current Controlled Z-Source Inverter

1 Overview
This demonstration shows a current-controlled three-phase Z-source inverter used in a fuel-cell appli-
cation. Fig. 1 shows the electrical circuit of the Z-source inverter. The unique impedance network in the
Z-source inverter allows the inverter to be operated in both buck and boost modes.
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Fig. 1: Electrical circuit of a Z-source inverter

2 Model
The impedance-source (or impedance-fed) power converter, also abbreviated as Z-Source inverter (or con-
verter) uses an impedance network, consisting of split-inductors and capacitors connected in an X shape,
to couple the main converter circuit to the power source (or load). It can be used to implement DC-AC,
AC-DC, AC-AC, and DC-DC power conversion, in place of traditional V-source or I-source converters.

The demo model shows an example of a Z-source inverter where a DC voltage from a fuel-cell source is
converted into a three-phase AC output. A traditional V-source inverter (VSI) cannot produce an AC out-
put voltage that is greater than the DC voltage without an additional DC-DC boost stage. A Z-source
inverter can produce an AC output voltage that is both greater and less than the DC voltage depending
on the buck-boost factor defined in “Operating Principle”. A diode in series with the DC source is needed
to prevent reverse current flow.

2.1 Operating Principle
In a traditional VSI, when the DC voltage is applied across the load, there are six active switching
states possible (only one of the upper or lower switch conducts in each of the three phase legs), and two
zero states (the load terminals are shorted either through all upper or all lower switches). The Z-source
inverter has an additional zero state, when the load terminals are shorted through both the upper and
lower switches of one or two or all three phase legs. This shoot-through zero state provides the unique
buck-boost feature to the inverter. When the DC voltage is high enough to generate the desired AC volt-
age, the shoot-through zero state is inactive. Otherwise, the equivalent DC input voltage to the inverter
is boosted using the shoot-through states [1].

For a symmetrical Z-source network, if the inverter bridge is in a shoot-through state for a period of 𝑇0,
and one of the eight non shoot-through states for a period of 𝑇1, over one switching period of 𝑇 ,

𝑉C

𝑉dc
=

𝑇1

𝑇1 − 𝑇0

where, 𝑉C is the average DC-link voltage across the inverter bridge and 𝑉dc is the input voltage.

The peak DC-link voltage across the inverter bridge, 𝑣i, is:

𝑣i =
𝑇

𝑇1 − 𝑇0
𝑉dc = 𝐵 · 𝑉dc

where 𝐵 is the boost factor resulting from the shoot-through zero state:

𝐵 =
1

1− 2 𝑇0

𝑇

≥ 1
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The output AC peak phase voltage, 𝑣ac, from the inverter is:

𝑣ac = 𝑀 · 𝑣i
2

= 𝑀 ·𝐵 · 𝑉dc

2

where, 𝑀 is the modulation index.

The buck-boost factor, 𝐵B, is calculated as:

𝐵B = 𝑀 ·𝐵 = (0 ∼ ∞)

The capacitor voltage, 𝑉C, is calculated as:

𝑉C =
1− 𝑇0

𝑇

1− 2 𝑇0

𝑇

𝑉dc

Therefore, shoot-through duty ratio, 𝑑 is:

𝑑 =
𝑇0

𝑇
=

𝑉C − 𝑉dc

2𝑉C − 𝑉dc

2.2 Controller
Phase-Locked Loop

The PLECS component library offers a synchronous reference frame phase-locked loop (SRF-PLL) com-
ponent, shown in Fig. 2. It contains a low-bandwidth proportional integral (PI) controller that detects
the phase angle of the three-phase input signal. The phase information is then used to transform the AC
output currents and voltages to a rotating reference frame (dq) [4].

Three-Phase	PLL

Vabc PLL
w3

Fig. 2: Synchronous reference frame phase-locked loop (SRF-PLL)

Current Controller

On the AC side, in the 𝑑𝑞 frame,

𝑣d = 𝐿
𝑑

𝑑𝑡
𝑖d +𝑅 𝑖d + 𝐸m − 𝜔 𝐿 𝑖q

𝑣q = 𝐿
𝑑

𝑑𝑡
𝑖q +𝑅 𝑖q + 𝜔 𝐿 𝑖d

where, 𝑣d and 𝑣q are the voltages, 𝑖d and 𝑖q are the currents, and 𝐸m is the peak value of phase A volt-
age. The cross-coupling terms 𝜔 𝐿 𝑖q and 𝜔 𝐿 𝑖d are a result of abc-to-dq transformation. In order to re-
alize a simple first order plant, they are provided as a feed forward in the controller to decouple 𝑞 and 𝑑
axis currents.

With cancellation of cross-coupling terms, the plant transfer functions for the current controller in the
𝑑𝑞 frame are:

𝑖d(𝑠)

𝑣d(𝑠)
=

𝑖q(𝑠)

𝑣q(𝑠)
=

𝑉C/2

𝑠𝐿+𝑅

The current controller is tuned analytically using the K-factor method, based on the above plant transfer
functions. The K-factor method is a loop shaping technique, where a controller can be designed accu-
rately for a specified phase margin and crossover frequency. Controller design using the K-factor method
is explained in [2].
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For a desired crossover frequency 𝜔𝑐 of 1,000Hz, the phase of the system is −89.95∘. If the desired phase
margin is 65∘, then the required phase boost (𝜑boost) is 64.95∘. Therefore, a type II controller is used.
The transfer function of a Type II controller is:

𝐺c(𝑠) =
𝐾c

𝑠

1 + 𝑠
𝜔𝑧

1 + 𝑠
𝜔𝑝

where 𝐾c is the gain of the controller, 𝜔𝑧 is the location of the zero and 𝜔𝑝 is the location of the pole. The
values of k, 𝜔𝑧 and 𝜔𝑝 are calculated from the following expressions:

𝑘 = tan

(︂
𝜑boost

2
+ 45∘

)︂
; 𝜔𝑧 =

𝜔𝑧

𝑘
; 𝜔𝑝 = 𝑘 · 𝜔𝑧

1

𝐾𝑐
= abs

(︃
1

𝑗𝜔𝑐
·
1 + 1+𝑗𝜔𝑐

𝜔𝑧

1 + 𝐽𝜔𝑐

𝜔𝑝

·𝐺𝑝(𝑗𝜔𝑐)

)︃
The value of 𝐾c for the flyback converter is calculated as 502.
The output of the current controller is a three-phase set of sinusoidal signals {𝑀a,𝑀b,𝑀c}.
Fig. 3 shows the current controller implementation.

id_ref

Mabc

+− ++

−+ −+

dq
abc

K

K:	(w0*LL)/(Vc/2)

K

K:	(w0*LL)/(Vc/2)

Kc

Kc
iq_ref

angle

idq

1/s nnsn+..+n0
dnsn+..+d0

1/s nnsn+..+n0
dnsn+..+d0

Fig. 3: Current controller

Shoot-through duty calculator

Whenever the buck-boost factor, 𝐵B is greater than 1, the shoot-through duty ratio calculator calculates
an open-loop shoot-through duty ratio, 𝑑, as shown in Fig. 4.

vdq

d

f(u)
f(u):	u[1]/u[2]

f(u)
f(u):	(u[1]-u[2])/(2*u[1]-u[2])

0

f(u)
f(u):	(2)*sqrt(u[1]^2+u[2]^2) K:	1

tau:	1/w0

vdc

vC_ref

Fig. 4: Shoot-through duty calculator

2.3 PWM Modulator
Shoot-through states are symmetrically inserted to existing pulse-width modulation (PWM) state pat-
terns of a conventional VSI, as explained in [3]. For a three-phase set of sinusoidal signals {𝑀a,𝑀b,𝑀c}
with 𝑀max = max {𝑀a,𝑀b,𝑀c}, 𝑀mid = mid {𝑀a,𝑀b,𝑀c} and 𝑀min = min {𝑀a,𝑀b,𝑀c}, shoot-through
states are inserted as follows:

𝑀max(𝑆𝑋) = 𝑀max + 𝑑
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𝑀max(𝑆𝑌 ) = 𝑀max +
𝑑

3

𝑀mid(𝑆𝑋) = 𝑀mid +
𝑑

3

𝑀mid(𝑆𝑌 ) = 𝑀mid − 𝑑

3

𝑀min(𝑆𝑋) = 𝑀min − 𝑑

3

𝑀min(𝑆𝑌 ) = 𝑀min − 𝑑

where, {𝑆𝑋, 𝑆𝑌 } = {1, 2}, {3, 4} or {5, 6} indicate switches 1 through 6 of the IGBT inverter.

A State Machine block is used to evaluate the above set of equations, as shown in Fig. 5. The PWM sig-
nals are then generated through carrier-based implementation using the newly calculated modulation
indexes.

MaximumIsMb

Enter:
/* if max{Ma,Mb,Mc}= Mb */
M_S3 = Mb+d; 
M_S4 = Mb+d/3;

MinimumIsMc

Enter:
M_S5 = Mc-d/3;
M_S6 = Mc-d;
M_S1 = Ma+d/3;
M_S2 = Ma-d/3;

MinimumIsMa

Enter:
M_S1 = Ma-d/3;
M_S2 = Ma-d;
M_S5 = Mc+d/3;
M_S6 = Mc-d/3;

MaximumIsMa

Enter:
/* if max{Ma,Mb,Mc}= Ma */
M_S1 = Ma+d; 
M_S2 = Ma+d/3;

MinimumIsMb

Enter:
M_S3 = Mb-d/3;
M_S4 = Mb-d;
M_S5 = Mc+d/3;
M_S6 = Mc-d/3;

MinimumIsMc

Enter:
M_S5 = Mc-d/3;
M_S6 = Mc-d;
M_S3 = Mb+d/3;
M_S4 = Mb-d/3;

MaximumIsMc

Enter:
/* if max{Ma,Mb,Mc}= Mc */
M_S5 = Mc+d; 
M_S6 = Mc+d/3;

MinimumIsMb

Enter:
M_S3 = Mb-d/3;
M_S4 = Mb-d;
M_S1 = Ma+d/3;
M_S2 = Ma-d/3;

MinimumIsMa

Enter:
M_S1 = Ma-d/3;
M_S2 = Ma-d;
M_S3 = Mb+d/3;
M_S4 = Mb-d/3;

1

[Ma>Mc]

2

1

[Mb>Mc]

2 1

[Ma>Mb]

2

1

[Ma>Mb && Ma>Mc] 2 [Mc>Mb && Mc>Ma]

3

1

1

1

Fig. 5: State machine modulator

2.4 Simulation
Run the simulation with the model as provided to observe the PWM signals, output AC currents and Z-
network capacitor voltage.

At 0.2 s, the d-axis AC current reference is increased from 5A to 10A, and at 0.4 s, the q-axis AC current
reference is changed to −5A. Observe that the output dq currents follow the reference signals, as shown
in Fig. 6.

The output AC phase voltage is 100√
3
V and until 0.6 s, see Fig. 7 on p. 7, the input DC voltage is 70V.

Therefore, the buck-boost factor, 𝐵B, is:

𝑀 ·𝐵 =
2 𝑣ac
𝑉dc

=
2 · 100√
3 · 70

= 1.65

Since the buck-boost factor is greater than 1, the shoot-through duty is enabled. The Z-source inverter
operates in Boost mode. From Fig. 8 on p. 7, it can be observed that the shoot-through periods are sym-
metrically placed about the original switching instant.
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Fig. 6: Output currents of the Z-Source inverter

At 0.6 s, see Fig. 7, the input DC voltage is stepped up from 70V to 190V, and the new modulation index
is calculated as:

𝑀 ·𝐵 =
2 𝑣ac
𝑉dc

=
2 · 100√
3 · 190

= 0.61

Since the buck-boost factor is less than 1, the shoot-through duty ratio is zero, as can be observed in
Fig. 9 on p. 8. At this time, the Z-source inverter operates in Buck mode and the traditional PWM modu-
lation scheme is used.

3 Conclusion
This model highlights a current-controlled, three-phase Z-source inverter, showcasing a few PLECS con-
trol domain components, including a continuous controller scheme and a state machine modulator. The
State Machine block evaluates the maximum and minimum values of the three-phase sinusoidal modu-
lation index signals generated by the current controller, and inserts the appropriate shoot-through duty
value to obtain new compare signals.
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Fig. 7: Input and output voltages of the Z-Source inverter
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Fig. 8: PWM modulation of Z-source inverter with shoot-through enabled
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Fig. 9: PWM modulation of Z-source inverter with shoot-through disabled
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