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In this paper, a backstepping control combined with a modified space vector modulation
(MSVM) for a quasi z-source inverter (QZSI) fed by a fuel cell is proposed. The QZSI
employs a unique impedance network to couple the main circuit of the inverter to a proton
exchange membrane fuel cell (PEMFC). This topology provides an attractive single stage
DC-AC conversion with buck-boost capability unlike the traditional voltage source inverter
(VSI). The MSVM s used to insert the shoot through state within the traditional switching
signals in order to boost the inverter input voltage, and to keep the same performances of the

traditional SVM. A DC peak voltage controller using backstepping approach is proposed to
overcome the fuel cell voltage fluctuations under load changes, and to reduce the inductor
current ripples as well. Comprehensive simulations are presented to prove the effectiveness
and the performances of the proposed control strategy under different operating conditions.

1. INTRODUCTION

The most DC/AC power converter used in modern energy
conversion systems is the voltage source inverter (VSI).
However, the VSI is a buck converter, thus the output voltage
range is limited to applications requiring smaller voltages
than the input DC voltage. To handle this drawback, a
DC/DC boost converter is necessary to step up the input DC
voltage of the VSI, which is commonly required in the
applications where both buck and boost voltage are
demanded. Unfortunately, this leads to high cost, low
efficiency, and reduced reliability of the resulting double
stage conversion system. For that reason, a z-source inverter
(ZSl) was proposed in [1] as an alternative power conversion
concept to overcome the limitations of the traditional VSI. In
the ZSI topology, two inductors and two capacitors
connected in X shape are needed to couple the inverter main
circuit to the DC source. Consequently, the ZSI achieves
voltage buck/boost conversion in one stage, without need to
extra switching devices.

On the same context, an improved z-source topology
known as quasi-z-source inverter (QZSI) is considered in
literature in order to control both DC link voltage and AC
output voltage. This topology presents some advantages like
having a continuous input current that is suitable for fuel cell
applications without need to an additional filter. Also, it
allows the use of the shoot-through switching states, which
eliminates the need for dead-times that are used in the
traditional inverter to avoid the risk of damaging the inverter
circuit [1, 2]. Furthermore, for the applications where the DC
input source has a wide voltage variation range such as fuel
cells and batteries, QZSI is a good option. In addition to that,
the QZSI has been used in many other applications such as
direct-drive wind generation system, photovoltaic power
system, and hybrid electric vehicles [3, 4].

On the other hand, different modulation techniques and
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control strategies are required to control the ZSI/QZSI to get
the desired phase, frequency and amplitude of the AC output
voltage. There are four important shoot-through modulation
techniques commonly proposed in the literature, which are
simple boost control (SBC), maximum boost control,
maximum constant boost control (MCBC), and modified
space vector modulation (MSVM) [5-16]. In this paper, a
MSVM is adopted to insert the shoot through (ST) state
within the traditional switching signals in order to boost the
fuel cell voltage. This modulation technique reduces
effectively the switches commutation time, decreases the
output voltage/current harmonic content, and ensures better
utilization of the DC-link voltage. Consequently, the voltage
stress and switching losses will be reduced significantly
compared to the other traditional PWM techniques [5, 6].

Controlling the ZSI/QZSI is an important issue where
several closed-loop control methods have been widely
studied in the literature [5-13]. There are mainly four
methods to control DC-link voltage of the ZS1/QZSI, which
are: direct DC-link voltage control, indirect DC-link voltage
control, and unified control [10]. Indeed, in [7] the capacitor
voltage was controlled by using a PID controller and the
modulation index is controlled by the SBC method. While in
[8] a sliding mode control method was used to control the ST
duty ratio, and a Pl controller combined with a neural
network for a robust control was adopted in [9]. An example
of connecting a bidirectional z-source inverter (BZSI) to the
grid during the battery charging/discharging operation mode
using a proportional plus resonance (PR) controller was
demonstrated in [11]. In all aforementioned control methods,
the capacitor voltage or the DC-link voltage are controlled by
regulating the shoot-through duty cycle using different
controller types and the output voltage is controlled by
regulating the modulation index using the diffé&ents shoot-
through modulation techniques.

In this paper, a dual loop capacitor voltage controller using



backstepping approach for a quasi z-source inverter (QZSI) is
proposed to overcome the fuel cell voltage variations under
load changes, and to reduce the inductor current ripples as
well. The MSVM is adopted to control the AC output voltage
with less voltage/current harmonic content, and ensures
better utilization of the DC-link voltage.

The paper is organized as follows: the fuel cell and QZSI
modeling is introduced in section two. The MSVM technique
and backstepping controllers based on Lyapunov approach
are presented in section three. Section four is devoted for
simulation results showing the behavior of the proposed
control strategy under different operating conditions
including input voltage changes, load disturbances, and
steady state operation. Finally, a conclusion is pointed out in
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section five.

2. SYSTEM DESCRIPTION AND MODELING

The proposed system shown in Fig.1 consists of a three-
phase QZSI feeding a three-phase linear load. The DC side
impedance network couples the fuel cell and the inverter to
achieve voltage boost in a single stage. The peak DC-link

voltage, defined as V, =V, +V,,, is directly controlled by

regulating the ST duty ratio using a backstepping approach,
while the AC voltage is controlled by the modulation index
using MSVM technique.
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Figure 1. Backstepping control of QZSI fed by a PEMFC

2.1 Proton exchange membrane fuel cell modeling

Different models of PEMFC are reported in the literature,
Figure 2 shows the I(V) curve per cell. Thus, a single fuel
cell can produce less than 1V. To produce a higher output
voltage, multiple fuel cells are connected in series. The
output fuel cell voltage V,, is defined as a function of the

fuel cell losses [17-19], as follows

=E

c Nerst

V.

act

-V,

ohm

-V,

conc

Vi @)

In the above equation, E,.. stands for the reversible
voltage based on the Nernst equation given

1.229-0.85x107%(T,, —298,15) +
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where N is the number of cells; T¢ is the operation
temperature; Pu2 and Po; are the partial pressures of
hydrogen, and oxygen, respectively.
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Figure 2. PEM full cell polarization curve



V.

act

reactions on the surface of the electrodes; V,,, is the ohmic

is the activation voltage drop due to the rate of

voltage loss from the resistances of proton flow in the

electrolyte; V. is the voltage loss from the reduction in

concentration gases or the transport of mass of oxygen and
hydrogen. Their equations are given as follows

y NRTfcl (Ifc+ln) 3)
= n

® 2aF I,

Vohm = NI fcr (4)

Vcon = Nmexp(nl fc) (5)

where | I, and |, are the output current, exchange

fc » [

current, and internal current, respectively; R, « and F are
the universal gas constant [J/gm-mol-k], charge transfer
coefficient and Faraday constant [C/mole], respectively; r is
the membrane and contact resistances; n and m are constants
in the mass transfer voltage.

2.2 Quasi Z-source inverter modeling

The operation of the QZSI can be understood from two
states: one called the shoot through (ST) state and the other
called the non-shoot-through state (NST). The shoot through
state appears when the inverter is shorted (two switches in
the same leg are turned ON at the same time). In this
sequence, the DC-link voltage (V) is equal to zero and the

diode D is OFF, as shown in Figure 3(a). The second state is
when the inverter operates in six active vectors and two zero
vectors, in this case, the diode is turned ON, and the DC-link
voltage is equal to (V,, +V,, ), as shown in Figure 3(b).
From Figure 3 and by applying Kirchhoff laws and

neglecting Joule and iron losses, the state model of the QZSI
fed by a fuel cell source can be obtained as

L(dl, /dt)y+M(dl, /dt)=V -V, [@-u)+V.,u
L,(dl,/dt)+ M(dl /dt) =V.,(1-u) +V,u
C,@av. /dt)y=-1 u+1,1-u)-1,,@1-u)
C,(dv, /dt)y=—l, u+1,1-u)-1,,(Q-u)

(6)

where u represents the logical control variable that takes two
values according to the operating state (u=/ in shoot-through
state, and =0 in non-shoot-through state), and /;,, represents
the current absorbed by the inverter during the non-shoot-
through states. Note that /;,, =0 when the QZSI operates in
ST state and during the application if the two zero-vector in
NST states, as illustrated in Figure 4.

The averaged model of the QZSI can be written as
function of the duty cycle d that represents the mean value of
the control variable u, as follows
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Figure 4. Logical command, DC-link voltage, and input current of QZSI
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dl,, dl
le—t‘+|v| d;Z =V, -V, @-d)+V,,d
di,, dl,,
I_2 dt +M T:VCZ(l_d)_{_VCld
7)
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C, dVe, =—l,d+l (1-d)- < L7~
dt Ve, +Ve,
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where I;,, can be replaced by its mean value P/(V,, +V,,)
with P =v,i, +Vi, +Vvi. =V, 1, +V,I,
and (i, ,1i,, i;) are the AC voltages and line currents,
respectively. The QZSI has the same capacitance and
inductance (C; =C; =C and L; = L, =L), so it is possible to
reduce the system order by rewriting (7) as function of the
capacitive voltages sum V. =V, +V., and the inductive

where (v,,V,, V,)

a ?

currents sum |, =1, +1,[20]. Finally, the equation (7)

becomes

VoI +V,I
dVe =l (1-2d)-2-2=_~£7

C L c FPF
dt V.

d (8)
(L+M)—b =V~ Ve (L-20)

The steady state value of the peak DC link voltage

~

Ve =Ve =V, +V,, is expressed as

. v
V, =—° =BV 9
dc 1—2d fc ()

where B is the boost factor.

(10)

The output peak phase voltage of the inverter can be
expressed as

A

\7 Vfc
Vaczm?=m87 (11)
Equation (11) means that the output voltage can be stepped
up and down by controlling m and B.

3. QZSI CONTROL STRATEGY
3.1 MSVM control

The SVM for three-phase VSI is based on the
representation of the voltage vectors in a two-dimensional
plane. The desired output voltage can be represented by an
equivalent rotating vector V. [5, 6]. According to the

different values of switching functions, the inverter has eight
kinds of working states, including six active vectors, which
are v1(001), v2(010), v3(011), va4(100), vs(101), vs(110) and
two zero vectors vo(000) and v7(111), as shown in Figure 5.
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The aof plane is divided in six sectors (60-degree per sector).
In each sector, the switching function and time can be
calculated by the two adjacent vectors to the reference one
according to the following equation in which the first sector
is chosen as an example.

TU
+V0(7) T_

S S S

(12)

ref

V, :vllﬁtvz-r—2
T, T,

where T; and T are the switching time of active states, Ty is
the switching time of zero vectors (Vo or V7), given by
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Figure 5. Traditional SVM of VSI
where i=1,2,...,6 is the sector number; T is the switching
period; @ is the angle of the desired output voltage V,.r and
m; is the modulation index defined as

(14)

The three-phase QZSI has an additional zero state when
the load terminals are shorted through both the upper and
lower switches of any one phase leg, any two-phase legs or
all three-phase legs. This ST zero state provides the sole
buck-boost attribute to the inverter. However, the insertion of
ST state must not influence the ON active states, though this
switching is applied during the =zero state intervals;
consequently the performance of the SVM is not affected.
Various modified SVM control methods of QZSI are
presented in the literature, a comparison between these
MSVM is summarized in [6]. In this paper, the MSVM
illustrated in Figure 6 is adopted in which the total shoot-
through time interval is equally divided into six parts per one
control cycle. In case of the first sector, for instance, the
switching pulses of the MSVM are generated by the
following steps

e Determine the number of sector 1,

e Calculate the switching times T1, T2 and To,

e Calculate the switching times Tmin, Tmid and Tmax
corresponding to the traditional SVM, as follows



Tin=T, /4
Tig =T, 14+T,12 (15)
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Figure 6. MSVM switching moment of three-phase QZSI

where the subscripts + and - denote the modified switching
times of the upper and lower switches in one bridge leg,
respectively, and Ty is the shoot-through time interval. It
should be noted that the maximum shoot-through time
interval has to meet (7, < Ty) in order to ensure that the
active state times will not be affected [5].

3.2 Backstepping control of QZSI

Backstepping method is a nonlinear control based on
Lyapunov approach, where its achievement can be divided

into several steps. Let us consider the state variables V., =V,
and I defined by

. VoI +V,I
V, =£[(1_2d)|L_2M]
¢ c )
. 1
I =m(\/fc -V, (1-2d))
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e First step: peak DC-link voltage controller design
In this step, we look for the virtual control that ensures the
asymptotic convergence of the capacitor voltage V¢ to its

reference V. . So the following error is introduced

dc_ref

~

g =V,

dc_ref _VC (18)

By differentiating equation (18) and using (17), the
following error dynamic equation can be obtained

Loy _pYela Vsl
(@-20)1, —2== =) (19)

C

-V,

el de _ref

The amount (1-2d) can be replaced by its steady state
value given by equation (9): 1-2d =V, /V,, =V, /V,, so
the equation (19) becomes

A 1 Ve

] V.1 +V,I
e =V, —(— T
C Vc

a’a ﬂﬂ)

L v (20)

de_ref

Let us check the tracking error stability by choosing the
Lyapunov candidate function as below

(21)

Using the derivative of the equation (21), the virtual
control reference that stabilizes the tracking errore, is given
by

V. ; V1 4V,
IL_ref = CV_C(Klel +Vdc_ref ) _ZV—M

fc fc

(22)

where K; is a positive design gain introduced to influence the
closed loop dynamic. The choice of the control law given by
equation (22) will lead to V, = —K,e? < 0, this is obviously a
semi-negative definite function, so the tracking error e, will

be stabilized.
e Second step: control law design
Let us consider the following error between the inductor
current and its reference value given by (22).
€, = ILiref - IL (23)
By differentiating the equation (23), the following error
dynamic equation can be obtained

(Vi =Ve (1-2d)) (24)

. . 1
€ =1 Y]

Now, a new Lyapunov function based on the peak DC-link
voltage and inductor current errors can be defined as

V, ==¢ +%e§ (25)

In order to make the derivative of the Lyapunov function
given by (25) negative definite, the choice of &, =—K,e, is
necessary. Where K, is a positive parameter selected to



ensure that the dynamic of the inductor current is faster than
the dynamic of the peak DC-link voltage. So, the duty cycle
reference that stabilizes the variables V. and 1. to their
desired values is given by

1 V. L+M
ref — 2T
2 Ve v,

(KZeZ + I'Liref ) (26)

The choice of the control law given by (26) guarantees an
asymptotic stability of the whole system since the derivative
of (25) is negative definite function.

4. SIMULATION RESULTS

The performance of the proposed backstepping control has
been tested using the parameters of the overall system listed
in Table 1. To verify the robustness of the proposed control
shown in Figure 1, sudden change of the load resistance at
0.1s (Figure 7) and sudden change of the modulation index
reference at 0.2s (Figure 8) are introduced. Figures 9 to 11
present the simulation results of the proposed control under
load disturbance and AC voltage references variation.

Table 1. System parameters

Item Parameter Value
Number of cells N 500
PEMEC Rated power Ptc_nom 25 (kW)

Maximum operating point [leng,Vena]  [75A,325V]
Nominal supply pessure[Poz,Pr2]  [1, 1.5] (bar)

QZSI inductances Li=L> 0.5 (mH)
QZSI mutual inductance M 0.5 (mH)
QZSI capacitors C1=C» 500 (F)
Qzsl Switching frequency f 10 (kHz)
DC-linkvoltage rerference Vac ref 700(V)
AC load inductance | 2 (mH)
AC voltage frequency f 50 (Hz)
P1 Parameters [Kp,Ki] [0.6, 15]

Backstepping Parameters[K1,Kz] [500, 4000]
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Figure 8. Modulation index reference
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From these results, it can be noted that the peak DC-link
voltage is adequately regulated to its reference with the
presence of slight variations due to sudden changes in the
load resistance at 0.1s and the modulation index reference at
0.2s, as shown in Figure 9. From Figure 10, it can be seen
that the drop on the fuel cell voltage between 0.1 s and 0.2 s,
manifested by the increasing fuel cell current presented in
Figure 12, is caused by the load change. It can be seen from
Figure 13 that the shoot trough duty cycle depends strongly
on the fuel cell voltage variation, and it can be stated that the
relationship between the peak DC-link voltage, the fuel cell
voltage, and the shoot trough duty cycle is verified according
to the equation 9. From Figure 15, it is clear that the shoot-
through time remains less than the zero-state time
independently of the introduced load and voltage variations.
Furthermore the modulation index is properly regulated to its
reference by the proposed MSVM-backstepping control, and
the AC output voltage remains unchanged during the load
increase as shown in Figures 16 and 17. From Figure 18, it is
remarkable that the AC line current depends linearly on the
load variation and the AC output voltage variation as well.
These simulation results prove the robustness of the proposed
control approach and the good dynamic of both DC and AC
variables under sudden changes of the load and AC voltage
reference.
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Figure 11. DC-link voltage Vgc
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Figure 19 shows a comparative study between
backstepping and PI controllers in which a sudden change in
the three-phase resistance load is introduced between 0.2 and
0.6s. It is clearly shown that the drop voltage in the case of Pl
controller is more significant compared with the voltage drop
with backstepping controller. On the other hand the proposed
backstepping controller can achieve faster response, lower
voltage ripple and better stability for the QZSI when the fuel
cell and load variation is large. So, all this result
demonstrates the validity of the theoretical design and the
robustness of the proposed controller.
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Figure 18. AC load currents
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Figure 19. Disturbance rejection evaluation by using
backstepping controller and P1 controller

5. CONCLUSIONS

This paper has proposed a backstepping control technique
combined with a modified space vector modulation for a
three-phase QZSI powered by a PEMFC. In this approach,
the peak DC-link voltage is controlled by regulating the ST
duty ratio using a backstepping controller and the AC voltage



is controlled by regulating the modulation index using a
modified space vector modulation. The proposed control
strategy is verified by simulation under different disturbances
of the load and AC voltage reference variations. The
simulation results prove the robustness of the proposed
control and the good dynamic of the DC and AC variables. It
is worth noticing that the proposed control method can be
useful in different applications such as photovoltaic and wind
power generation systems.
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