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Abstract: This paper proposes two nonlinear exact and simple state space models of a Z-
source converter (ZSC) connected to an ac grid. A generic model of a ZSC accompanied
with proper controllers are proposed and a dynamic model of the whole system is derived;
as a result, based on a simple one, an equivalent block diagram of the current-controlled
ZSC system is proposed. The ac small signal stability method is applied and the impact of
controller parameters on network’s stability is discussed. Besides, overall system dynamic
performance has been assessed in the event of perturbations. Time-domain simulations
have been implemented in PSCAD/EMTDC to validate the accuracy of the models and
effectiveness of the proposed controllers. The results of the exact model are compared with
the response of the equations which are applied in MATLAB.

Key words: small signal stability, state space model, Z-source converter (ZSC)

1. Introduction

A Z-source converter, a novel replaceable energy conversion topology that is equipped by
passive components, has been proposed in [1]. Various topologies, control and modulation strate-
gies are considered in [2,3], respectively. In contrast with conventional voltage-source converters
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(VSCs) and current-source converters (CSCs), the specific characteristic of ZSCs is both buck
and boost capabilities which is the outcome of:
i) shoot through switching state, at least two switches of one leg are on,

ii) X-shaped impedance network that includes two inductors (L and L) and two capacitors
(C1 and C3), as well as the connection between a dc power source and a set of switches, as
shown in Fig. 1.
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Fig. 1. Generic model of ZSC connected to ac grid

Nowadays, there is an extension to the power system to utilize power electronic-based equip-
ment such as: distributed generation (DG) units, HVDC lines and FACTS. Furthermore, due to the
remarkable capability of ZSCs that allows them to work as a buck or boost converter relevant to
desired DC-bus or ac terminal voltages, there will be a wide usage of ZSCs instead of VSCs in the
near future, particularly in the case of a power source with conversional output terminal voltage.
A large number of literatures have been allocated to various uses of ZSCs, which is clear evidence
of the steep increase in research on finding various suitable applications for this novel converter,
e.g., for adjustable-speed drives [4, 5], electric vehicles [6-9], distributed generation [10—15] and
so on. In order to perform a feasibility study and detailed design, a precise comprehensive model
of the entire considered system should be provided.

Publications related to the model of Z-source converters mostly concentrate on the circuit of
the converters with a simple load regardless of the dynamic behavior of the ac grid and without
considering active and reactive power controllers [16-19]. In [20], a steady state analysis of
a Z-source dc-ac converter operating in continuous conduction mode (CCM) is presented. The
circuit-averaging technique is used to present ac small-signal modeling of the power stage of
a Z-source converter in [21].
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In this paper, a Z-source dc-ac converter equipped with proper active and reactive power
controllers and connected to the infinitely stiff ac grid, which has constant frequency and balanced
sinusoidal voltage, is considered. The rest of this paper is organized as follows. In Section 2,
state space equations of electrical circuits, an impedance network and the ac grid, are derived.
Moreover, a coupling equation that makes relation between the impedance network and the ac
grid is derived. In order to track the desired active and reactive power a suitable control system
is proposed in Section 3, according to the conventional control methodology that is widely used
in VSCs. Section 4 is allocated to show the simplified model. Subsequently, the ac small-signal
stability method is applied in Section 5 in order to analyze the stability of the system and propose
an equivalent block diagram of the system. Section 6 is allocated to show the time-domain
simulation which is implemented in Matlab. The results are compared to the exact switching
circuit developed in PSCAD/EMTDC. Finally, Section 7 concludes the paper and comments on
possible future works.

2. Dynamic equations of electrical circuit

Figure 1 represents the included ZSC impedance network with a set of IGBTs, and its
corresponding ac-side equivalent circuit. There are four well-known methods to implement the
PWM switching strategy for Z-source converters: simple constant boost applied in this study [1],
maximum boost [22], maximum constant boost [23] and the triangle-shift control strategy [24].
The performance region of the converter is shown in Fig. 2. The basic equations of Z-source
converter terminal voltage are as follows [1], according to the stated switching function:

1
Buax = ———— 1
max ]—2Dmax’ ()
G=m-p=_ =P 2)
- S 1-2D°

where: M is the buck modulation index, D is the shoot-through duty ratio, B and G are the boost
factor and the voltage gain of the converter in inversion mode, respectively. The system comprises
a power source that could be the representative of a DG unit, dc link or a part of a back-to-back
converter. The resistance R, represents the total switching loss of the system [25]. The ac side of
the converter is connected to a utility grid through a series RL filter and three-phase transformer
that are modeled by R and L.The synchronization signals for the control system are taken from
the low-voltage side of the corresponding transformer. The ZSC of Fig. 1 exchanges real and
reactive power components, Pg(f) and Q4 (t), with the ac grid at the point of common coupling
(PCC). For simplicity and without loss of accuracy, we assume the following:
— V. is anideal and independent voltage source. The forward voltage drop of S is considered
as a constant voltage drop V. More explanation is delivered in the control system section.
— The carrier frequency is assumed much larger than that of the modulating signal (e.g. more
than 10 times).
— The dc capacitors and inductances are adequately large so that the changes of their volt-
ages and currents within one carrier period can be neglected. The impedance network is
considered lossless.
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— IGBT is presumed fast, therefore, we do not consider a time constant in a switch dynamic

model; moreover, in its conducting state, it is modeled by the series resistant (r).
— A large number of dynamic models proposed for VSCs in literatures do not take into

account an ac-side capacitor filter [25-27].
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Fig. 2. Capable performance region of ZSC according to simple constant boost switching strategy method

Two operation modes including two different circuit topologies can be introduced in ZSC
operation relevant to non-shoot through and shout through states [1, 16] as shown in Fig. 1 and
Fig. 3, respectively. Dynamics of the ac side of the ZSC system are described by the following
space-phasor equation:

di .
Lsd—; =—(Ry+1)i+V, - Vy, 3)
where V; and V; are the voltages of the power system and ac terminals of the converter, respectively.

For the traditional V-source PWM converter, we have the well-known relationship:

ve(t) = M% cos(wt + 6). 4)
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<

Fig. 3. Equivalent circuit of Z-source converter in the shoot-through state

Vi is the voltage of the dc side terminal of the converter, M is the buck modulation index
which is considered constant during operation modes of the ZSC, and ¢ is the phase difference
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with respect to the grid voltage. For ZSCs we have a relationship between the discontinuous input
voltage of the set of switches, (Vk ), and the voltage of the power source, (Vyc):

Vie= —77 Ve » ®)

where: V. stands for the dc source voltage, D and

are the shoot through and boost factors,
respectively. In order to simplify modeling and analysis, all state equations in the abc domain are
transformed into a d-q rotating reference frame. The transformation matrix is given by (4) where
“f” can be any electrical parameter.

2r 2r
cos(wt) cos (wt - —) cos (wt + —)
fd ) 23 23 fu
fa| = 3 |sin(wr)  sin (a)t - ?n) sin (a)t + ?n) Io|- (6)
fO 1 1 1 fL‘
2 2 2

It is assumed that the system is balanced and zero-sequence components do not exist. The
angle wt is provided by the phase-locked loop (PLL), arbitrarily assumed here to align the system
voltage with the d-axis. By using abc to the d-g transformation matrix for the terminal voltage
of the converter:

v,

Vig = Mjk sin(6), 7)
v

Vg = MT" cos(6). (8)

The current of inductances, the voltage of capacitors and the d-g components of the grid
current are defined as state variables.

x(0) = [in1()) ia() Vert) Vea) ia(t) ig(n)]". ©)

The model of the converter and the ac grid are derived based on two modes of the ZSC
operation.

2.1. Shoot-through state

In mode 1, no energy is transferred from the source to the load, since the load and the source
sides are entirely separated by the shoot-through state (at least one leg of IGBTs are on) and
open status of the switch S. The duty ratio of the shoot-through state is defined as d. Differential
equations of the ac grid and impedance network are:

LA‘ dl(jft) = Ls(l.)iq(t) - (R_s + 7) id(t) - VSd(t)’ (10)
L diq (1) = —Lswiq(t) = (Rs +1) ig(1), b

A d[
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dipi(t) dipa(t)
Li——= =Vci(2), L =Veal(t), 12
=4 c1(1) 24, c2(1) (12)
dVei(r) . dVea (1) )
Ci 3; =—ir1 (), G Zi = —ir2(1). (13)

As shown in Fig. 3, the switch S is opened and the dc current transferred to the impedance
network is zero; therefore, iy (), the current that flows through IGBTs, should be zero, which is
an advantage for ZSCs.

2.2. Non-shoot-through state

In mode 2, real energy is transferred between the source and load. As i), is assumed constant,
we do not consider it in a dynamic model of the converter. The duty ratio of the shoot-through
state is defined as d’. Similarly, the state equations of the ac grid and impedance network can be
written in mode 2 as follows, respectively:

Ls ddi_;l(t) = Lywiy () = (Ry +7) ia(t) = Vsa + Via(t), (14)

%ﬁm = ~Lowig(t) = Ry + 1) ig(1) + Veq (1), (15)
Ly d(llll:l (1) = Vae (1) = Veal(2), %lf(t) = Vi (1) = Vi (2), (16)
CdV, CdV,

1 dfl(t) :iLz(t)_ik(t)7 %:iLl(t)_ik(t)‘ (17)

Finally, the ac and dc circuit equations have to be coupled. The coupling equation follows
from the active power balance between the ac and dc sides of the converter. It allows calculating
the dc current of the converter:

VeOik(0) = 5 (Via 0)ia0) + Vig (1ig(1)) 18)

From KVL in impedance network:

ViR (D) = 5 (Via 0ia0) + Vig 0ig(1) (19)

3. Control system

The purpose of designing the controller is to achieve good output-active and reactive power
tracking which are exchanged with the ac network at PCC. Among various control methods found
in the literature: internal model control in [28]; He controllers in [28, 29]; a control strategy
based on the Lyapunov function in [30]; optimal coordinated control of the VSC and ac line in
parallel [31], two decouple-loop controllers are proposed for the Z-source inverter [32] through the
decoupled current-control method applied in this study, [25-27]. However, the control system is
modified so as to accommodate it in the ZSC system, Fig. 4 without d’ in the current controller part.

In the case of disregarding variations of the dc source, two individual cases could have
occurred.
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i) DC source represents an energy source that can meet the active power demand at various
ranges of dc voltages by changing the dc current and persisting output dc energy. More
profoundly, it can be concluded from Fig. 4 that any changes in V. (¢) adversely contribute
to changes in D, leading to no effect in the tracking process of Igrer and /et values.

ii) The power source is a capacitor which is a part of the dc line or back-to-back converter.
Consequently, any changes in dc voltage follow from energy equation disturbance held
between input power from the source of energy behind the proposed system, mentioned
capacitor and output energy to the Z-source impedance network.

Therefore, the presence of a dc voltage regulator in this case is unavoidable [13]. However,
the function of the dc controller is to change the set point of active power demand, as illustrated
in Fig 1. In the case of dynamic equations, it causes an extra state which is ignored in this study
for simplicity.The real and reactive powers delivered to the ac system at PCC are:

3
Ps(t) = E sdid(t)s (20)

3
Qs (1) = _Evsdiq(t)- (2D

From (20) and (21) the reference value of dg-components of the current (/grer/yref) can be
calculated based on the desired value of active and reactive powers. Therefore, a proportional-

ki) . .
integral (PI) compensator of the generic form K (s) = | k,s + — | is sufficient for the control.
s

Due to the presence of Lw in (14) and (15), dynamics of i4(¢) and i, (¢) are coupled. To decouple
(14) and (15), m4(t) and m(t) are determined as follows:

2 (ud(t) + Va — stiq(t))

mgy(t) = s 22
a(t) A0 )
2 (ug (1) + Vsg + Lywiq(1))
mg (1) = , 23
q(1) Ve (1) (23)
where ug4(¢) and u, (2) are:
ki . ,
uq(t) = (kp + ?) (Taret — 1a (1)), (24)
ki) . :
ug(t) = |kp+ = (igret —ig(1)) . (25)
We introduce two additional state variables, z4(¢) and z, (), such that:
dzq(t) . .
% = lgref — i (1), (26)
dzg(r) .
= darer — g (1), 27)

The outputs of the current controllers are dg-components of the modulation index, m, and
myg, that include buck and boost factors simultaneously. By transforming the modulation index
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from dg to the abc-frame, two relations are derived according to the following trigonometric
relationships:

o mg(t) o ug(t) + Lywiq(t)
o=t D T w0 4 Vea ) = Lowig (@) 28)
%d(t) = 1“’)1‘21(0 +m%1(t) . (29)

It can be concluded from (28) that the amplitude of the modulation signal, m ;. (blue arrows),
is more than unity which causes over-modulation; moreover, the control system should calculate
a shoot-through coefficient appropriate to the desired value of instantaneous active and reactive
power that the ZSC system exchanged with the ac system. Therefore, the shoot-through calculation
part is proposed as illustrated in Fig. 4. The buck modulation index (M) is arbitrarily chosen to
be less than unity. Finally, the abc-frame of the modulation signal obtained with an amplitude is
equal to M.

The impedance network is considered symmetric, thatis Ly = Ly = Land C; = C, = C. All
differential equations can be written in the form of a nonlinear state space equation,

%(1) = AX(1) + Bu(t) + N(x, u),

that is:
0 d_Ld' 0 0 00
i) |44 0 0 00
Ve(t) ¢
dlia|_| o 0 —Rzr w00
dr | ig(t)
za(t) 0 0 —w —Rzr 00
S 0o -1 0 00
L o 0 0 -1 00
v 0
[ir (1) ] 8 0 —%d’M(id(t) cos (6 (1) +i,(1) sin (8(2)))
Vel (r) ‘M
W@ |, o - [vdc<r)—v0]+ 57 08 (8(1)) (2Ve (1) = Vae 1) o)
iy (1) sI1 Via® "
wn| [°° M sin (6(0)) (2Ve (1) = Vae(1)
g0 [0 0 ’ 0
0 0 0

where N (x, u) is the nonlinear part depending on both state variables and input.
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4. Simplified model

So far, a comprehensive dynamic model and ac-side current-controller are proposed. The
proposed model is totally nonlinear and undeniably hard to work for stability consideration and
to drive related transfer functions for the controller design. Also, it is impossible to opt the value
of decoupling feed-forward links in the control system to separate the dynamic behavior of i;(7)
and i, () theoretically complete. Analytically and according to (30), the dynamic behavior of the
ac and dc sections is coupled. The chief component responsible for this fact is the impedance
network inductance L which provides the main path of the current to the ac-section. More
elaborately, in the process of varying the active power setpoint, the dc current has to adapt to
the desired value, while the inductance (L) is inherently reluctant to rapid changes, contributing
to capacitor participation in providing demanded energy at the first moment of changes. On the
other hand, the converter deals with reactive power variations more smoothly, since there is no
need to change the amount of produced dc energy by means of dc current. The desired amount of
reactive power relating tightly to the amplitude of ac terminal voltage of the converter is provided
by changes in the capacitor voltage with respect to (19). In addition, as ¢ is mostly small, the
dynamic response of i, (¢) is less dependent on the impedance network than i, (7). Regarding this
explanation, the dependence of ac-part states on dc network components has been ignored for
the sake of simplicity; nevertheless, the dc-section dynamic equations are still inevitably coupled
to ac-side parameters. This dependence results from how to define V;4(¢) and V;, (). Unlike the
previous form defined based on combination of electrical circuit and control system relations in
a simplified form, just control system equations, which mostly affect, are considered. Therefore,
we have:

Ve
Via(1) = ma(t)=° (31)
Vie
Vig(t) = mq(t)Td : (32)
That is leading to:
s dialft) = (Rs + d’Kp) id(t) + d,KiZd(t) + d,Idrepr s (33)
diq(t) ’ . ’ ’
L rriale (Rs +d'Kp) ig(t) +d'Kizg(t) + d'IgretK ) (34)
LYY (4 ve )+ d Va0~ Ruin (0, (35)
d 3d'(1-2d
2 — @ in () - 22D 140K L = 0 + 1200
Vsal . . .
+ d;—f(l‘) +lq(t)Zq(t)Ki +lq(t)Kq(1qref - lq(t))]’ (36)
d
Zst(” = Linet — ia (1), (37)
dzq(t) = dgref — iq(t)' (33)

dr
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It should be noted that (33), (34) are completely decoupled. In other words, in the simplified
model, there is a capability to choose a proper value for decoupling feed-forward links, shown in
the controller part of Fig. 4. Moreover, a series resistance is considered in the dynamic equation
of the inductance current, due to avoiding instability of dc-side states. In Fig. 4, an impedance
network dynamic part is obtained from (35), (36).

5. Small signal stability

The small-signal stability of the test system is assessed using eigenvalue analysis in order to
find out the nature and root reason for the dynamic response of the ZSC. The simplified model
by differential Egs. (33)—(38) is linearized around a set point of Table 1.

For analyzing the impact of different parameters, root-loci of eigenvalues are sketched ac-
cording to changes in the value of impedance network elements and current controller parameters
independently. As shown in Fig. 5, a pair of poles is under influence of the capacitance and
inductance of the dc-side network, while K, and K; affect only the other two pair of poles. It can
be concluded that:

— High value of impedance network elements leads to decreasing oscillation of dynamic

response of all states, but mostly dc-side ones.

— It is potentially achievable to find an appropriate value of current controller parameters,

contributing to the order reduction of the system to the dominant poles.
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Fig. 5. Effect of parameters on poles of the system: different inductances and K, (a);
different capacitances and K; (b)

6. Time domain validation

The studies reported in this section were performed on the Z-source converter of Fig. 1 using
parameters of Table 1. The studies are conducted:
— To verify the accuracy of the averaged models.
— To demonstrate the performance of the active and reactive power compensator proposed in
Section 3.
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Three study models of the system of Fig. 1 are simulated. The first one is the switching circuit
of the system including the d-q frame current controller and shoot-through calculation parts of
Fig. 4. This model is implemented in the PSCAD/EMTDC environment. The second and third
models are exact and simplified models derived in Sections 2 and 4, respectively. They can be
developed in an equation solver environment, e.g. MATLAB.

6.1. Models walidation

Initially the converter is delivering 0.1 MW active power to a local load, then at # = 0.6 s the
breaker of the ac grid is closed and the reference signal of active power changed to 3.12 MW
corresponds to 4240 A of I;. In order to analyze the dynamic response of the converter more
profoundly, the 1.37 Mvar reactive reference signal is performed at 7 = 1.1 s equal to 1865 A of
I,, as shown in Fig. 6, including the reference signals, exact switching circuit, averaged model
and simplified model responses.

8000 : T < simplified model : 1/ —simplified model
-~averaged model 2 -averaged model
switching circuit | i, 1 switching circuit

000 4 | 1} -—reference | a0 \ —reference |

=3

W
ENOVESEE

~1000

+1500

| L L L
06 061 062 063 064 065 066 067 068 1.09 11 m 112 113 114 115 116 147

(a) (b)

Fig. 6. d-g components of ac-side current: iy () (a); ig (t) (b)

The behavior of ac-side states, the dynamic response of i;4(#) and i, (¢), are different for both
the averaged model and exact switching circuit, as expected from (30). The various value of
overshoots with respect to reference signals are justified by the presence of L. As a matter of
fact, the inductance L is reluctant to rapid set point changes. It causes more overshoot in the
dynamic response of i4 (), which is the representative of active power, while the response of i, (¢)
encounters less overshoot, because of the fact that there is no need to provide energy from the dc
source. Therefore, the inductance L does not participate in reactive power provision. It follows
the reference signal smoother. The differential equation of i, (¢) from (30) is obviously proving
this fact by noting the nonlinear part. § is mostly small, which results in neglecting its nonlinear
part responsible for the effect of dc-side states on i, (¢).

6.2. Impact of mpedance network

As predicted before, the influence of the inductance L on the behaviour of the system is
allocated to i,4(¢). For proving it, the previous scenario for implementing active and reactive
power signals is held for the ZSC system for different inductances, as shown in Fig. 7. The
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overshoot of i 4 (¢) for smaller inductance is larger, because the larger one is the more reluctant to
rapid changes in its current, At the same time, the response of i, (¢) is completely independent of
the inductance.

6000

5000

4000

3000(-

2000

1000

-500

-1000

-1500

-2000

-2500 g sl : 4

1.05 1.1 115 1.2 125
(b)

Fig. 7. Impact of dc-side inductance value on: I4 (a); I (b)

The effect of various capacitances and inductances on the behavior of capacitor voltage is
shown in Fig. 8. Att = 0.6 s, the reference value of 1 is changed, the response of capacitor voltage

(i 1 |——C=1mF & L=2mH
4500 N ] 9 |~ C=1mF & L=1mH
4000/ | 3 C=1.5mF & L=2mH

3500
3000
2500

2000
1500
1000

500

05 0.6 0.7 0.8 0.9 1 11 1.2 13

Fig. 8. Impact of capacitance and inductance on capacitor voltage dynamic response
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is significantly more intensive compared with r = 1.1 s. It implies that at the first moments of
changing the active power set point, the inductance L is obstructing the path of energy. Therefore,
the capacitor should provide the needed amount of energy, resulting in large dynamics and stresses
that directly depend mainly on the inductance, and secondly on capacitance.

Table 1. Parameters of the study system in Fig. 1

Parameter name Symbol Value Unit
Rated active power Py 3.12 MW
Rated reactive power Oy 1.3 Mvar
AC grid nominal voltage Vs 600 v
AC equivalent inductance Lg 100 mH
AC equivalent resistance Rs 1.63 mQ
Nominal frequency F 60 Hz
DC capacitance C 1000 uF
DC inductance L 1 mH
Nominal dc voltage Ve 1250 A%
Current controller Kp 0.022 Q
Current controller K; 5 Q/s
Carrier frequency Fy 1 kHz

7. Conclusions

The simulations on the circuit of Fig. 1 have proved that the dynamic behavior of the ZSC
connected to the ac grid system with any dc power can be persuasively simulated by the generalized
dynamic model proposed in this paper. Moreover, the property and accuracy of the proposed
controllers which are typical for VSC active and reactive current controllers are acquired through
the simulation of the exact switching model. At first, basic average equations of the converter and
its controllers are derived with regard to two individual operation modes, shoot-through and non-
shoot-through states. By combining all the equations, a general nonlinearity and simplification
are obtained, under some assumptions. In addition, in order to assess the impact of important
parameters such as PI coefficients and impedance network components on the stability of the
system, the small signal stability method is applied and the block diagram of the whole system
is proposed. The main contribution of this paper is that the well-accurate general model for
describing the dynamic response of the ZSC regardless of the type of dc power source and
the direction of active power flow is derived. The model is perfectly suited for the study of
AC/DC high-power equipment such as distributed generation and renewable energy systems. The
effectiveness of the ZSC can be assessed on HVDC-light and FACTS equipment for future works.
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