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Abstract — This paper shows a different approach to
obtain current and voltage models for the Bidirectional Z-
Source Inverter, considering the two variables available,
which are modulation index and the shoot through duty
ratio. Since the shoot through index is the variable that
allows to boost the output voltage, the focus is given to use
this control variable and the modulation index is kept
constant. Moreover, a Smith predictor technic is used to
deal with the right half plan zero issue. Simulations results
have shown that the model is consistent and the control
strategy chosen is advantageous to obtain better dynamic
response.

Keywords — Bidirectional Z-Source Inverter, Electrical
Vehicle, Modeling, Smith Predictor.

I. INTRODUCTION

Due to the increasing demand for emissions reduction of
vehicles, much effort has been put into research for Electric
Vehicles (EVs). As an example, the German government,
where major vehicle manufacturers have their head office, has
imposed dates for the end of the production of vehicles with
internal combustion engines by 2030, and by 2050 there
should no longer be such vehicles in circulation.

Mentioned this fact, it is evident the importance of
investing efforts in development of EVs. There are two main
fields of research when it comes to the EV traction systems:
the electric machine that provides torque and speed to the
automobile, and the power converter that gives regulated
voltage and current to power this machine.

Toward the electric machines, the basic requirements are
[1-3]:
high power density and high torque;
high speed range;
high starting torque;
high efficiency;
high reliability and robustness;

e low audible noise and low torque ripple;

Several studies have been done about which machine
should be ideal for this application [1, 2, 4-6]. There are also
studies that developed different types of machines [6-9].
Despite this, those said traditional electrical machine, such as
DC machine, Induction Machine (IM), Switched Reluctance
Machine (SRM) and Permanent-Magnet Brushless machine
are more suitable and used by the manufacturers [1, 2].
However, those currently more appropriate for traction are the
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Permanent-Magnet Brushless AC machine (PM BLAC) and
the IM [2].

With this consideration in mind, the approach about the
power converter is towards of those that can operate the IM
and the BLAC as well. For the specific case of EVs, the power
converter requirements are much more demanding as follow
[10]:
operation in high temperature;
high mechanical stress;
reduced weight and volume;
high proportion between the peak power and the
average power.

As in the case for the electrical machines, several power
converters have been studied and proposed for EVs [5, 10-15],
such as the usual Voltage Source Inverter (VSI), Multilevel
Inverters and the promising topology of the Bidirectional Z-
Source Inverter (BZSI).

Thus, in this paper, the study of the BZSI will be done
concerning modelling and controlling this topology. Plenty of
models have been proposed for the ZSI [16-18] However, an
important stage is neglected, and only one control parameter
is used to represent the converter. By introducing the stage of
null vector, it is possible to add equations that characterizes
with better accuracy the inverter [18]. Another issue is that the
voltage plant has nonminimum phase behavior, making the
controller design more difficult. To overcome it, it is proposed
the use of a Smith Predictor technic [19-21].

This paper is organized as follows. In section II the relevant
consideration for modelling the chosen topology is addressed,
as well as its validation via simulation. In section III, the
obtained plants are used for the controllers design, and due to
the nonminimum phase characteristic, it is proposed the use of
Smith Predictor for the voltage loop. In section IV, the
simulation results are shown and discussed, with focus on
comparing the advantages and disadvantages of using the
Smith Predictor. And in section V, a conclusion about the
obtained models and proposed loop control is made.

II. BIDIRECTIONAL Z-SOURCE INVERTER
MODELING

This section presents the modeling technic used for the
BZSI, and its validation via simulation, comparing the Bode
diagram of the circuit and the transfer functions obtained.



A. Mathematical Converter Analysis

The BZSI uses a LC network to have buck-boost capability
by using shoot through in its switching logic command. With
this specific impedance network, the circuit becomes much
more complex than the regular VSI. Besides the usual control
variable, the modulation index M, this converter has an extra
control variable, the shoot through duty cycle Dy. Thereby the
BZSI shown in Fig. 1 can control the capacitors voltage in the
Z-network and the output voltage at the same time.

For a three-phase power inverter with balanced load, the
output power is always constant, thereby, the AC side can be
simplified as a DC load without losing generality. Therefore,

the circuit can be reduced as it is represented in the Fig. 2.
L L

S7
_{L (550
D7
\/ / N
C G os1
——al 477
_|
S2
QQQJ
— LZ

ip

5 82

Ry
Dryw &

S1
Ly

- L,

2

Fig. 2. Simplified circuit for modeling analysis.

Fig. 3 shows the modulation strategy, which consists of
three sinusoidal waves with 1/6 of third harmonic, Va, Vb and
Ve, each one corresponding the reference for the load voltage.
The amplitude of these signals is given by the modulation
index. Also, there are two lines Vp and Vn, that allows the use
of shoot-through command and the value is given by the
shoot-through duty ratio.

The equivalent circuit has three switches. Switch S/ is
commanded with Dy index, and switch S2 is commanded with
M index. It is emphasized that Dy + M < [. The switch S;, is
commanded with the complementary of Dy and allows
bidirectional current flow. There is the input diode D;, needed
for the shoot through stage. There is also a freewheeling diode
Drw, and a correspondent RL load composed of Ry and Ly.
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Fig. 3. Maximum constant boost with third harmonic modulation.

Such components correspond to the AC part that has been
simplified. The resistance Ry can be found based on the power
balance [18]:

__ 87|
* 3cos (o)
where Z is the impedance of the three-phase load, and cos(¢)
is the load power factor. The inductance L, is calculated such

that the constant time of the DC load is the same of the AC
load:

(M

— @)

where R, and L, are the resistance and inductance of the
three-phase load, respectively.

Assuming that the Z-network is symmetrical, it means that
the capacitors are identical, C; = C, = C, and the same is valid
for the inductors, L; = L, = L. Therefore, the currents in the
inductors are the same, ir; = iz> = iz, and the capacitors voltage
are the same as well, ve; = ver = ve.

With those assumptions, the variables to be analyzed are:

e  The inductor current iz;
e  The capacitor voltage vc;
e  The output current of Z-network .

Considering the simplified circuit, there are three operation
stages. The first one happens when the switch S/ is turned on
the switch S2 is off. The switch S;, is off, and due to the
capacitors being associated in series in this stage, the voltage
is higher than the input voltage source Vi, so the diode D;, is
off, isolating the source from the impedance network. This is
the corresponding shoot through state. In this stage, the
capacitors provide energy for the inductors and the load
current flows through the freewheeling diode. The time
duration of this stage is Dy.T, where T is the switching period.
The equations for this stage are:
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The second stage happens when S/ and S2 are off. The
switch Si, is on. This stage is correspondent to the traditional
stage of null vector. It is important to emphasize that this stage
is commonly neglected in other works, loosing accuracy.
During this stage, the capacitors are charged by the inductor,
and the load current goes through the freewheeling diode. The
time duration of this stage is (/ — Dy - M).T. The equations for
this stage are:

L di (2) = v (£)+v, (1)

dt
dv;t(’) =i, (1) @
di(t) .

L, i Rozo(t)

The third stage occurs when S/ is off and S2 and S;, are on,
thus the current flow depends if it is on traction or regeneration
mode. This is the stage corresponding to those with active
vectors, when there is energy flow from the input source to the
load or the opposite as well. The time duration of this stage is
M.T. The equations for this stage are:

LdiLTftL—vc(f)”m (1)
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The transfer functions obtained in this paper are based on
the averaging technic. It consists in calculating the average
value in every switching period, posteriorly it is inserted a
disturbance to the quiescent value. Lastly, it is applied the
Laplace Transform. In this work, the effort was done towards
the shoot through duty cycle variable, since it is the key to
achieve the buck-boost characteristic of this topology. After
some algebraic rearrangement, the models achieved are given

by:

VC (S) SznVZ + Snvl + nvO
GvC7d0 = d =73 > (6)
() Sdy+s’d,+sd, +d,
1, (S) S* My +smy 1,
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where n,=-2LLI,, n,=LV, -2LRI,, n,=R}V,,

n, =CL,(2V. -V, ) m, = CR,(2V.~V, )+2I,L,(1-2D,)
ny =2M* 2V, ~V, ) +21,L,(1-2D,), d, =CLL,,
d,=CLR,, d, =2M*L+L,(1-2D,)’, and
dy=R,(1-2D,)".

B. Models Validation

In order to validate the models, a comparison of the Bode
diagrams for the voltage and current plants with the
corresponding Bode diagrams obtained with the simplified
circuit shown in Fig. 2 was done.

The parameters used for simulation are given in TABLE I:

TABLE 1
Circuit Simulation Parameters

Parameters Value Unit

in 300 |4

Ve 550 14

I 2,579 A

M 0,6603 -

D, 0,3125 -
L 15,4 mH
c 2.2 uF

R, 360,586 Q
L, 667,63 mH

Fig. 4 and Fig. 5 show the voltage and current models
respectively. It is noted that the Bode diagram of the transfer
functions match with the simulated circuit in practically all

range of frequency, thus validating the models.
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Fig. 5. Bode diagram of current plant and simplified circuit
comparison.

With these two models, the control loop adopted [16] is
shown in Fig. 6, where there is an inner loop composed of the
current plant Gi;_a(s) and its corresponding controller Ciz(s).
The Pulse Width Modulation (PWM) characteristic is also



represented as well as the current sensor Hi(s). The outer loop
is composed of the voltage plant G,c_a(s), its sensor H,(s), and
the controller Cyc(s). The voltage loop is complex to control,
because the plant has a Right-Half Plane Zero (RHPZ). To
overcome the limitation that is imposed by this zero, the next
section will discuss the use of a Smith predictor control
technic. Whereas Dy was chosen to be control variable, M was
kept constant in this work, although it can also be controlled
as well in a separated loop using the same approach and
respecting the limitation of Dy + M < .

Fig. 6. Dual loop control configuration.

III. SMITH PREDICTOR CONTROL STRATEGY FOR
NONMINIMUM PHASE VOLTAGE PLANT

This section presents the Smith Predictor control technic
used for the BZSI voltage loop, and it is also shown a voltage
controller with Proportional Integral (PI) action for further
simulation comparison. As the current loop does not present
this nonminimum phase characteristic, for both cases, the
controller design will be the same.

A. Smith Predictor

As seem previously, the transfer function of capacitor
voltage by shoot through duty ratio has a zero located at the
right-half complex plan. This zero makes the controller design
more complex to achieve the stabilization criteria [22]. To
overcome this difficulty and minimize the effect of RHPZ, in
this paper is discussed the Smith Predictor method for the
voltage loop.

The structure of the Smith Predictor can be divided into two
parts. One with the controller and the other with the predictor
structure. The controller C(s) is usually a Proportional
Integrative Derivative (PID), but can also be a higher-order.
The predictor is composed of a model of the plant without
RHPZ G,(s) and a part to cancel the RHPZ (A.s). The plant is
factored in G,(s) and (/ - #.s) that correspond to the RHPZ.

The feedback of the controller is:

G’(s) =G, (s)ﬂ,.s )
The goal is to choose 4 which makes the controller have a

response equivalent to a process without RHPZ. Defining the
feedback signal of the controller as:

Y'(s)=G"(s)U(s) )

Therefore,
( )=R(s )—Y(S)—Y'(S) (10)
=R(s)-[G(s)+G'(s) |U(s) (11)

and deﬁning

G*(s): G(s)+G'(s)

Y*(s)=G*(s)U(s)

The fixed error E(s) becomes

E, (s):R(s)—Y*(s) (13)

(12)

From the point of view of the controller C(s), the process
generates the signal Y*(s), with

G*(s)=G,(s)(1-n.5)+G,(s)(As)

G*(s)z s)[l+(/1—77).s}

Choosing 4 that 4 > 5, the transfer function of the process
does not appear to have RHPZ. To minimize the mean square
error, A = 2.5 is the optimum value [22]. The final block
diagram is shown in Fig. 7.
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Fig. 7. Smith Predictor control loop configuration.

B. Controllers Design

The inner current loop control is easier to design. It has
been done by poles-zeros cancellation. The gain crossover
frequency was chosen to be 1kHz, since the switching
frequency was chosen to be 10kHz. The phase margin should
be at least 45° to guarantee stability. However, the voltage
loop needs a smaller gain crossover frequency, in such way
that the time response of both controllers does not conflict due
to the dual loop configuration chosen. Also, to achieve the
stability criteria, the cutting frequency needs to be even
smaller, due to the presence of the RHZP, for a PI control
strategy.

To compare the advantages of using Smith Predictor in the
outer loop, it was designed a PI controller by poles-zeros
cancellation, with an extra pole to filter high frequency noise,
for the voltage loop. The cutting frequency was chosen to be
100Hz, since the switching frequency of the current loop is
1kHz, in other words, one decade of difference. The phase
margin should be at least 45° to guarantee stability. Afterwards
it will be shown how the circuit will respond with the regular
loop control and with the Smith Predictor loop rearranging. In
sequence, it is shown the Bode Diagram for the current control
in Fig. 8, the Bode diagram for both, voltage loop without and
with Smith Predictor in Fig. 9.

The controller designed and the Smith Predictor P(s) are

shown below:
0.0022s +1

C, =845— " 15
o(s) s(1.6x107s+1) (15)

0.0014s +1
C =1164——M— 16
<(s) 5(0.00016s +1) (16)

0.00039s +1

Cyop (5)=1500 ———— 17
e (5) 5(0.000165 +1) {an

I3 14 2 16
P(s)- 3885x10"5" +3.063x10°'s* +6.908x10°s ™

6.304x10%" +3.694x10%s* +1.167x10" s +7.442x10"s* +1.296x10"s

where C,cp(s) is the controller designed for the case with the
predictor on the voltage loop.
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50
] rﬂ m” T T :_I Hm |T T :_:],-ﬂ ——Open Loop Plant with controller
[ (R P 1 o T T
—_
2 (R
= R
< OF=rTAmT T T~ T TSI N~ T T Tmm T 1T
< IEERI |
E R 1
= R l
S 5oL LLLILU L LUiimt 1L Lii - L4 LN L)
= Cromn T [N
= (RN [
R R
(RNl [
1 L 1 L1l
38 T T TR T T i
VO o 1 Open Loop Plant with controller
R LO EAT T T E N T T  E T E T[T R R EI]
& R R NI R A R
& Of-rrmamm-TT TN T T TOTM T T T TITm T T T T
= [REATII e e e e
o L 1 [ IR R R AT AR R AT AR R
% AL P v orrime e rreme
= -90 ++ +HHHI =+ 4 HHH =+ HHEH =+ + HHE
] L R [ UEEL [EEI
R AN AR (N Ry [IEEI
R TI A N AR TR [N 1 [IEEI
180 b=l Ly 1 11T R
10° 10! 107 10° 10* 10° 10°

Frequency (Hz)
Fig. 8. Bode diagram for the current open loop transfer function with
controller.
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IV. SIMULATION RESULTS AND DISCUSSION

This section presents the simulation results for a 50% to
100% and back to 50% load step for both cases. The circuit
utilized for this part was the usual BZSI, not the simplified
version. Fig. 10 and Fig. 11 shows the voltage at the capacitor
and the current at the inductor, respectively, for both voltage
loop controllers strategies. The use of Smith Predictor to
minimize the RHPZ makes the response faster and reduce the
low frequency ripple in the transient response caused by the
Zero presence.

This advantage happens since the controller is designed for
a plant that doesn’t present a zero in the right side of the
imaginary plan. It allows to design controllers with higher
gains, resulting in faster settling time. One notable
disadvantage is the complexity add in the voltage loop with
the predictor presence. It also causes more computational
demand, although it is not so evident when is considered the
fast DPSs and FPGAs available.

VC with Smith Predictor loop, after load step

Voltage (V)

| 1
1 L
0.05 0.055 0.06 0.065 0.07
Time (sec)
VC without Smith Predictor loop, after load step

Voltage (V)

| [
I I

0.05 0.055 0.06  0.065 0.07

Time (sec)

Fig. 10. Capacitor voltages and inductor currents after load step for
different control strategies comparison.

IL with Smith Predictor loop, after load step

Current (A)

65 0.07 0.075 0.08 0.085 0.09
Time (sec)
IL without Smith Predictor loop, after load step

Current (A)

65 0.07 0.075 0.08 0.085 0.09
Time (sec)

Fig. 11. Inductor currents after load step for different control
strategies comparison.

V. CONCLUSIONS

A different analysis for modeling the BZSI has been done.
It included a stage that is commonly neglected, which affects
the behavior representation of the circuit. When the stage of
null load voltage is included, it is possible to use two control
variables to represent the models, the modulation index M
and the shoot through index Dy.

The work on this paper has focused into the shoot-through
index, since it is the key to have the buck-boost single stage
characteristic for this converter topology. Other issue is that
the voltage plant has RHZP, making the controller design
difficult. To overcome it, it has been done an approach that
includes the Smith Predictor into the voltage loop. This
consideration has made the loop more complex, but the results
of better dynamic behavior and fast response compensate the
effort.
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