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A DSP-Based Dual-Loop Peak DC-link Voltage
Control Strategy of the Z-Source Inverter

Omar Ellabban, Member, IEEE, Joeri Van Mierlo, Member, IEEE, and Philippe Lataire

Abstract—This paper proposes a direct dual-loop peak dc-link
voltage control strategy, with outer voltage loop and inner cur-
rent loop, of the Z-source inverter (ZSI). The peak dc-link voltage
is estimated by measuring both the input and capacitor voltages.
With this proposed technique, a high-performance output voltage
control can be achieved with an excellent transient performance
including input voltage and load current variations with minimized
nonminimum phase characteristics caused by the right half-plane
zero in the control to peak dc-link voltage transfer function. Both
controllers are designed based on a third-order small-signal model
of the ZSI using the direct digital control method. The perfor-
mance of the proposed control strategy is verified by simulation
and experimental results of a 30-kW ZSI prototype.

Index Terms—DC-link voltage control, direct digital control,
dual-loop control, Z-source inverter.

I. INTRODUCTION

THE Z-source inverter (ZSI), as shown in Fig. 1, is an emerg-
ing topology for power electronics dc–ac converters [1].

It can utilize the shoot-through (ST) state to boost the input
voltage, which improves the inverter reliability and enlarges
its application field. In comparison with other power electronic
converters, it provides an attractive single-stage dc–ac conver-
sion with buck–boost capability, reduced cost, reduced volume,
and higher efficiency due to a lower component number. There-
fore, the ZSI is a very promising and competitive topology for
renewable energy sources, such as fuel cells, photovoltaic arrays
and wind turbines, and new power electronics applications, such
as electric and hybrid vehicles. As a research hotspot in power
electronics converters, the ZSI topology has been greatly ex-
plored from various aspects, such as ST control methods [1]–[6],
designing of the Z-network elements [7], [8], modeling of the
ZSI [9]–[11], and feedback control strategies [12]–[23] in addi-
tion to the topology improvement [24]–[28].

Four ZSI shoot-through control methods have been proposed
in the literature, which are simple boost control (SBC) [1],
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Fig. 1. ZSI basic structure.

maximum boost control [2], maximum constant boost control
(MCBC) [3], and modified space vector modulation boost con-
trol (MSVMBC) [4]. In [5], [6], the authors present a compara-
tive study based on simulation and experimental results between
these four ST control methods for different ZSI topologies with
a conclusion that the MCBC method is the most suitable ST con-
trol methods for different ZSI topologies. The MCBC requires
less inductor value and results in less switch voltage stress, less
output current total harmonic distortion, better Z-network be-
havior, high obtainable ac output voltage and higher efficiency.

The Z-network is a combination of two inductors and two
capacitors, choosing the parameters of Z-network elements will
affect the inverter performance and its operation modes. In or-
der to avoid operating the ZSI in the unwanted operation modes,
theses modes will not contribute to the power conversion pro-
cess, which appear only when operating the ZSI with small
inductance or at low power factor [7]. Therefore, a proper de-
sign guideline for selecting the ZSI passive and semiconductors
elements is needed, as presented in [8].

An accurate small-signal model of the ZSI gives not only a
global, but also a detailed view of the system dynamics, and
provides the required transfer functions for controller design.
Several small-signal models have been proposed for the ZSI
[9]–[11]. In [9], a second-order model was presented, where the
capacitor voltage and the inductor current of the Z-network are
the state variables, in which the ac load was represented by a
constant current source without any dynamics. However, in [10]
and [11], a third-order model was presented by referring the ac
side of the ZSI to its dc side, representing it with RL load and
taking its current as a third state. Therefore, this model describes
the dynamics of both the Z-network and the ac load.

Control strategies of the ZSI are important issue and several
feedback control strategies have been investigated in recent pub-
lications [12]–[23]. There are four methods for controlling the
dc-link voltage of the ZSI: capacitor voltage control [12]–[18],
indirect dc-link voltage control [19], [20], direct dc-link con-
trol [21], [22], and unified control [23]. In [12] and [13], the
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capacitor voltage is controlled by regulating the ST duty ratio
D0 using different control methods, where, a PID controller is
used to control the ST duty ratio and the modulation index is set
to be M = 1–D0 using the SBC method in [12]. While, in [13], a
PI controller tuned by neural networks for wide range control is
used with the MSVMBC method. In [14] and [15], the capacitor
voltage is controlled by the regulating the ST duty ratio, and the
output voltage is controlled by regulating the modulation index
using the MSVMBC method through two separate control loops
with PI controllers as in [14] and a neural network controllers as
in [15]. In [16]–[18], nonlinear control methods are used to con-
trol the capacitor voltage using the SBC method, where the gain
scheduling combined with a state feedback control method is
used in [16], sliding mode control method was used in [17] and
the model predictive control was used in [18]. In [19], a PID-like
fuzzy controller is used to control the dc-link voltage indirectly
by controlling its average value using the SBC method, where
the average dc-link voltage is estimated by measuring the ca-
pacitor voltage VC using Vi = VC /(1–D0). Moreover, in [20],
the peak dc-link voltage is controlled indirectly by controlling
the peak ac output voltage using a PI controller to regulate the
modulation index, and the ST duty ratio is calculated by mea-
suring the input voltage Vin and comparing it by the required
peak dc-link voltage Vip using Vip = Vin /(1–2D0), where the
MSVMBC method was used. In [21], the peak dc-link voltage
is directly controlled by regulating the ST duty ratio; due to the
pulsating nature of the peak dc-link voltage, an additional sens-
ing circuit is used to measure it. This additional sensing circuit
must to be carefully designed and it increases the complexity of
the controller design. In [22], the peak dc-link voltage is directly
controlled by regulating the ST duty ratio using the SBC method,
where the peak dc-link voltage was estimated by measuring both
the input and the capacitor voltages as Vip = 2VC –Vin ; however,
this paper simplifies the inverter bridge by a single switch in its
simulation and experimental validation. In [23], the unified con-
trol method is used to regulate the modulation index and the ST
simultaneously by controlling the ac output voltage through a
single PI controller using the MSVMBC method; however, this
method is suitable for isolated operations.

The aforementioned methods have the following drawbacks.
By controlling the capacitor voltage, the peak dc-link voltage
will increase when there is a step change in the input voltage.
Therefore, the ac output voltage will be distorted and the voltage
stress of the switches will increase. Furthermore, the indirect
control of the dc-link voltage cannot bring high performance
due to the nonlinear property of the Vi /VC relation. In addition,
the existing direct peak dc-link voltage control methods, either
using an external sensing circuit with special design or simplify
the inverter bridge by a single switch. Finally, in all the afore-
mentioned methods, a single-loop voltage control was used. In
high-power converters, a single-loop voltage control has two
problems. The first problem is that the inductor current is not
regulated and can be overloaded during transient events and the
limited stability margin is the second problem [29]. Therefore, a
dual-loop voltage control is preferred over a single-voltage con-
trol in high-power converters to overcome the aforementioned
problems [30], [31].

Fig. 2. MCBC method with 1/6 third-harmonic injection sketch map.

II. SHOOT-THROUGH CONTROL METHOD

In order to reduce the volume and the cost of the passive
elements of the Z-network, it is important to keep the ST duty
ratio constant. At the same time, a greater voltage boost for
any given modulation index is desired to reduce the voltage
stress across the insulated gate bipolar transistors (IGBTs). The
MCBC method achieves the maximum voltage gain while al-
ways keeping the ST duty ratio constant. Fig. 2 shows the sketch
map of the MCBC with third-harmonic injection. By using a 1/6
of the third-harmonic injection, only two straight lines Vp and
Vn are needed to control the ST time. In the MCBC, the ST duty
is expressed by [3]

D0 =
2 −

√
3M

2
. (1)

III. DESIGNING OF THE IMPEDANCE NETWORK ELEMENTS

The Z-network is a combination of two inductors and two
capacitors. The Z-network is the energy storage and filtering
element for the ZSI. The purpose of the inductors is to limit the
current ripples through the devices during boost mode with the
ST state. Moreover, the purpose of the capacitor is to absorb
the current ripples and maintain a constant voltage to keep the
ac output voltage sinusoidal. In order to decrease the size and
weight of the inductor and the capacitor, the ripples in inductor
current and capacitor voltage should be limited. The changes of
capacitor voltage and inductor current can be assumed as linear
instead of sinusoidal for simpler analysis and designing of the
Z-network [8].

For MCBC method the Z-network capacitor C and inductor
L values can be expressed by [8]

C =
√

3(Ts/n) îac cos ϕ (
√

3v̂ac − Vin)
4kv Vin(2

√
3v̂ac − Vin)

(2)

L =
Vin(Ts/n)(

√
3v̂ac − Vin)√

3ki îac cos ϕ(2
√

3v̂ac − Vin)
(3)

where, v̂ac , îac , and cosϕ are the peak ac output voltage, peak
ac load current, and load power factor, respectively. kv and ki
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Fig. 3. Simplified equivalent circuit for the ZSI.

are voltage and current ripple factors, respectively. Ts is the
switching period and n is the number of ST state insertion per
switching cycle, where n = 2 for the MCBC method.

IV. SMALL-SIGNAL MODELING OF THE ZSI

Many methods for modeling power electronic converters have
been reported in the literature. Among these methods, is the state
space averaged small-signal modeling, which is the most widely
used method to model power electronic converters. Therefore,
an accurate small-signal model of the ZSI is needed, which
gives not only a global, but also a detailed view of the system
dynamics, and provides guidelines for system controller design
since the required transfer functions could be derived accord-
ingly [32].

A third-order small-signal model of the ZSI can be illustrated
by simplifying the ac side circuit to an equivalent dc load, Zl =
Rl +jωLl in parallel with a switch S2 and the input diode D is
represented by a switch S1 , as shown in Fig. 3 [10], where, Rl

is calculated based on output power balance of the two circuits
using the MCBC method (see Figs. 1 and 3) as follows:

Rl =
2 |Zac |
cos ϕ

. (4)

Here |Zac | is the magnitude of the ac load impedance per phase
and cosϕ is the load power factor. In addition, Ll is determined
so that the time constant of the dc load is the same as the ac load
as

Ll

Rl
=

Las

Rac
(5)

where Rac and Lac are the resistance and the inductance of the ac
load per phase, respectively. Two operation modes involving two
different circuit topologies can be identified in the ZSI operation
as shown in Fig. 4. In Mode 1, ST mode [see Fig. 4(a)], the
energy transferred from source to load is zero because the load
side and source side are decoupled by the ST state and the open
status of S1 . In Mode 2, nonshoot-through (NST) mode [see
Fig. 4(b)], real energy transfer between source and load occurs.

The state variables are defined as capacitor voltage, inductor
current, and ac load current. Assuming that L1 = L2 = L and C1
= C2 = C, using state space averaging method, and performing
small signal perturbation for a given operating point, one gets
(6); after its Laplace transformation, it becomes (7). The steady-
state values can be calculated by Ax + Bu = 0, represented

Fig. 4. Basic two equivalent operation modes of the ZSI: (a) ST state; (b) NST
state.

by (8)

d

dt

⎡
⎢⎣

ĩL (t)
ṽc(t)
ĩl(t)

⎤
⎥⎦ =

⎡
⎢⎢⎢⎢⎢⎣

0
2D0 − 1

L
0

1 − 2D0

C
0

−(1 − D0)
C

0
2(1 − D0)

Ll

−Rl

Ll

⎤
⎥⎥⎥⎥⎥⎦

·

⎡
⎢⎣

ĩL (t)
ṽc(t)
ĩl(t)

⎤
⎥⎦ +

⎡
⎢⎢⎢⎣

1 − D0

L
0

−(1 − Do)
Ll

⎤
⎥⎥⎥⎦ · ṽin(t)

+

⎡
⎢⎢⎢⎢⎢⎣

2VC − Vin

L
−2IL + Il

C
−2VC + Vin

Ll

⎤
⎥⎥⎥⎥⎥⎦
· d̃0(t) (6)

sLĩL (s) = (2D0 − 1)ṽc(s) + (1 − D0)ṽin(s)

+ (2VC − Vin)d̃0(s)

sLṽc(s) = (1 − 2D0 )̃iL (s) − (1 − D0 )̃il(s)

+ (−2IL + Il)d̃0(s)

sLĩl(s) = 2(1 − D0)ṽc(s) − Rl ĩl(s) − (1 − D0)ṽin(s)

+ (−2VC + Vin)d̃0(s) (7)

VC =
1 − Do

1 − 2D0
Vin

IL =
1 − Do

1 − 2D0
Il

Il =
VC

Rl
. (8)
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The dc-link voltage vi is a square waveform due to the ST state.
During the NST states, the dc-link voltage is at its peak value,
vip = 2vc − vin , and it is zero during the ST states. Therefore,
the perturbation in the dc-link peak voltage ṽip can be written
as [22]

ṽip = 2ṽc − ṽin . (9)

In small-signal modeling and transient analysis, the response
of one state variable to multiple small-signal perturbations can
be expressed as a linear combination of the variable response
to each individual perturbation. The capacitor voltage and the
inductor current can be expressed as a linear combination of the
variable response to each individual perturbation as

ṽc(s) = Gvd(s)d̃0(s) + Gvi(s)ṽin (s)

ĩL (s) = Gid(s)d̃0(s) + Gii(s)ṽin(s)

ṽip(s) = Gvpd(s)d̃0(s) + Gvpi(s)ṽin(s) (10)

where Gvd(s), Gvi(s), Gid(s), Gii(s), Gvpd(s) and Gvpi(s) are
given (11–16) as shown at the bottom of this page.

The derived transfer functions prove the presence of a right
half-plane zero in the ZSI control to capacitor voltage transfer
function, resulting in the dc-link voltage having a nonmini-
mum phase response. This nonminimum phase response tends
to destabilize the wide bandwidth feedback loops, implying high
gain instability and imposing control limitations [10].

V. DUAL-LOOP DIRECT PEAK DC-LINK

VOLTAGE CONTROL TECHNIQUE

The capacitor voltage VC is somewhat equivalent to the peak
dc-link voltage Vip of the inverter, but the peak dc-link voltage
is nonlinear function of the capacitor voltage as shown in Fig. 5.
Thus, only controlling the capacitor voltage cannot bring the
high performance due to the nonlinear property of the Vip /VC

relation [19]. Fig. 6 shows that the peak dc-link voltage Vip

changes at t = 0.2 s, while VC is controlled to be constant.

Fig. 5. Nonlinear relation between Vip /VC

Fig. 6. The dc-link and output voltage waveforms when there is a step change
in the input voltage using dual-loop capacitor voltage control

These effects could be transferred into the ac output side, which
distort the ac output voltage, introduce difficulty in its controller
design, and increase the voltage stress across the switches.

In this paper, the direct digital design method is used to design
the dual-loop peak dc-link voltage controllers, using the follow-
ing steps: first, the continuous time control to output transfer
functions Gvpd (s) and Gid (s) of the ZSI are discretized using
the zero-order hold (ZOH) method. After that, once the dis-
crete transfer functions of the system are available, the digital
controllers are designed directly in the z-domain using methods
similar to the continuous time frequency response methods.

This has the advantage that the poles and zeros of the digital
controllers are located directly in the z-domain, resulting in a

Gvd(s)

=
(−2IL +Il)LlLs2 +[(−2IL +Il)RlL+(1−D0)(2VC − Vin)L + (1 − 2D0)(2Vc − Vin)Ll ]s + (1 − 2D0)(2Vc − Vin)Rl

LlLCs3 + RlLCs2 + [2L(1 − D0)2 + Ll(2D0 − 1)2]s + Rl(2D0 − 1)2 (11)

Gvi(s) =
[(1 − D0)2L + (1 − D0)(1 − 2D0)Ll ]s + (1 − D0)(1 − 2D0)Rl

LlLCs3 + RlLCs2 + [2L(1 − D0)2 + Ll(2D0 − 1)2]s + Rl(2D0 − 1)2 (12)

Gid(s)

=
(2VC −Vin)LlCs2 +[RlC(2VC −Vin)+(1−2D0)(−2IL +Il)Ll ]s+(1−D0)(2VC −Vin)+(1 − 2D0)(−2IL + Il)Rl

LlLCs3 + RlLCs2 + [2L(1 − D0)2 + Ll(2D0 − 1)2]s + Rl(2D0 − 1)2 (13)

Gii(s) =
(1 − D0)LlLCs2 + (1 − D0)(1 − 2D0)RlLs + (1 − D0)2L

LlLCs3 + RlLCs2 + [2L(1 − D0)2 + Ll(2D0 − 1)2]s + Rl(2D0 − 1)2 (14)

Gvpd(s) = 2Gvd(s) (15)

Gvpi(s) = 2Gvi(s) − 1. (16)
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Fig. 7. ZSI closed loop dual-loop peak dc-link voltage control of the (a) ZST
and (b) its block diagram.

better load transient response, as well as better phase margin
and bandwidth for the closed loop controlled power electronics
converter [33].

Fig. 7 shows the entire dual-loop peak dc-link voltage
control technique block diagram of the ZSI containing the
voltage loop and current loop controllers Gcv (z), Gci(z), the
ZOH (1 − e−Ts s)

/
s, the computational delay (e−Td s), the con-

trol to output transfer functions Gvpd (s), Gid (s) and the modified
modulation to ST transfer function GM (s), respectively, where
GM (s) is expressed by [12] as follows:

GM (s) =
D0(s)
v′

m (s)
=

2
Vtri

(17)

where Vtri is the amplitude of the triangle carrier signal. In
this implementation, the chosen sampling scheme results in a
computation delay of half the sampling period (Td = Ts /2) [30].

The loop gains for inner current loop and outer voltage loop
can be expressed as follows:

Ti(z) = Gci(z) · Gid(z) (18)

Tv (z) =
Gcv (z) · Gci(z) · Gvd(z)

1 + Ti(z)
(19)

where the discretized peak dc-link voltage and inductor current
to control transfer functions are given as

Gvpd(z) = Z

{
1 − e−Ts s

s
· e−Td s · GM (s) · Gvpd(s)

}
(20)

Gid(z) = Z

{
1 − e−Ts s

s
· e−Td s · GM (s) · Gid(s)

}
. (21)

In this paper, a digital PI controller with antiwindup will be
designed based on the required phase margin ϕm and critical
frequency fcz using the Bode diagram of the discrete time do-
main, as explained in [30] and [31], the transfer function of the
digital PI controller is given by

Gc(z) = Kp +
KiTsz

z − 1
(22)

Fig. 8. Bode diagrams for (a) inner current loop and (b) outer voltage loop.

TABLE I
EXPERIMENTAL PARAMETERS OF THE ZSI

where

Kp =
cos θ

|Gp(z)| (23)

Ki =
sin θ · fcz

|Gp(z)| (24)

and

θ = 180◦ + ϕm − � Gp(z). (25)

Fig. 8 shows the Bode plots for the inner current loop gain
and the outer voltage loop gain, respectively, with the system
parameters listed in Table I. The plots indicate that the current
loop gain has a crossover frequency as high as 1 kHz, with a
phase margin of 50◦ and a gain margin of 10 dB. To avoid
interaction between the subsystems, low control bandwidth is
used for the voltage loop. The resulting outer voltage loop has
a crossover frequency of 200 Hz and a phase margin of 48◦ and
a gain margin of 15 dB.
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Fig. 9. (a) Main control algorithm flow chart. (b) Its Simulink model.
(c) Simulink model for the dual-loop peak dc-link voltage control.

VI. CONTROL ALGORITHM IMPLEMENTATION

Real-time workshop (RTW) is one of the DSP development
tools, which produce code directly from the block set models for
use with MATLAB and Simulink. It reduces algorithm coding
to an automated process, which includes coding, compiling,
linking, and downloading to the targeted hardware. Thereby, it
shortens the development cycles and in turn reduces the cost
[35].

The inner current and outer voltage loop algorithms are im-
plemented on the DSP TMS320F2808. It consists of series of
submodule programs performing the individual task. The main
control algorithm, as shown in Fig. 9(a), is composed of an
initialization routine followed by periodic interrupts triggered
by an internal timer for calling the ZSI core control algorithm
submodule. This is implemented by the interrupt request in the
DSP as indicated in Fig. 9(b). The interrupt timer has the same
frequency as the IGBT switching frequency, which is 10 kHz.
Fig. 9(c) shows the Simulink model used for code generation.

Fig. 10. Experimental setup of a 30-kW ZSI.

After scanning the ADC, formatting the input variables and cal-
culating the actual peak dc-link voltage value, the PI voltage
controller generates the inductor current reference by compar-
ing the actual and reference values of the peak dc-link voltage.
After that, the PI current controller generates the ST duty ratio
by comparing the actual and reference values of the inductor
current. Finally, the modulation index is calculated according to
the MCBC method. It should be noted that, in case of motor drive
or grid-tied application, the modulation index is determined by
the ac side controller, as presented in [31].

VII. SIMULATION AND EXPERIMENTAL RESULTS

The dynamic performance of the ZSI with the proposed dual-
loop peak dc-link voltage control has been tested using MAT-
LAB simulation and experimental verification. A 30 kW pro-
totype of the ZSI, as shown in Fig. 10, has been designed and
implemented using the parameters in Table I. This prototype is
tested up to 10 kW. The eZdsp F2808 evaluation board based on
the TMS320F2808 DSP is used for the realization of the pro-
posed peak dc-link voltage control technique and the real time
workshop (RTW) is used for automatic code generation.

Figs. 11–13 show the simulation and experimental results of
the proposed dual-loop peak dc-link voltage control technique
during input voltage step, load transient, and steady-state op-
erations. As shown in Fig. 11, the input voltage stepped-down
by 7.5% with the rated load, the peak dc-link voltage remains
constant at 300 V, the load phase current and line voltage are not
affected by decreasing input voltage and the inductor current is
increased to supply the same output power. Fig. 12 shows the
ZSI response during load increasing and decreasing by 50%.
As noticeable the inductor current is doubled during the 50%
load increase and the output line voltage and the peak dc-link
voltage remain unchanged. Fig. 13 shows the steady-state per-
formance of the Z-network variables in switching frequency and
output frequency and the steady-state waveforms of the output
line voltages and phase currents in line frequency, as noticeable
from this figure, the inductor current is controlled and there are
no oscillations in the inductor current or in the dc-link voltage.
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Fig. 11. ZSI response during input voltage step down by 7.5%: (a, b)
Z-network variables and (c, d) output variables. (a) Simulation results.
(b) Experimental results. (c) Simulation results. (d) Experimental results.

It is noticeable that the experimental results match the sim-
ulation results very well, which verify the performance of the
proposed dual-loop peak dc-link voltage control for the ZSI.

Fig. 12. ZSI response during load increasing and decreasing by 50%.
(a) Z-network variables and (b) output variables. (a) Simulation results.
(b) Experimental results. (c) Simulation results. (d) Experimental results.

It should be noted that, the experimental waveforms of the
output variables (line voltages and phase currents) are filtered
waveforms.
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Fig. 13. Steady-state waveforms of the ZSI: (a, b, c, d) Z-network variables and (e, f) output variables. (a) Simulation results in switching frequency.
(b) Experimental results switching frequency. (c) Simulation results. (d) Experimental results. (e) Simulation results. (f) Experimental results.

VIII. CONCLUSION

This paper proposes a dual-loop peak dc-link voltage con-
trol technique for controlling the peak dc-link voltage for a ZSI
with inductive load, where the outer voltage loop provides the
inductor current reference and the inner current loop produces
the ST duty ratio and the modulation index is calculated based

on the MCBC method, where, the peak dc-link voltage is es-
timated by measuring both the input and capacitor voltages.
The two controllers are designed based on a third-order small
signal model of the ZSI using Bode diagram. Both controllers
are implemented using the direct digital design method using
a DSP-linked with MATLAB for automatic code generation.
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The proposed control strategy is verified by simulation and ex-
perimental results under different disturbances and steady-state
operation modes. The experimental results match the simulation
results very well, which verify the performance of the proposed
peak dc-link voltage control technique.
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