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Model Predictive Control of Dual-Mode Operations
Z-Source Inverter: Islanded and Grid-Connected

Sally Sajadian, Student Member, IEEE, and Reza Ahmadi , Member, IEEE

Abstract—This paper presents model predictive control of dual-
mode Z-source inverters (ZSIs) with capability to operate in
islanded and grid-connected mode. The transition from islanded
to grid-connected mode and vice versa can cause significant devi-
ation in voltage and current due to mismatch in phase, frequency,
and amplitude of voltages. The proposed controller offers seamless
transition between the two modes of operations. The main pre-
dictive controller objectives are direct decoupled power control in
grid-connected mode and load voltage regulation in islanded mode.
The proposed direct decoupled active and reactive power control
in grid-connected mode enables the dual-mode ZSI to behave as
a power conditioning unit for ancillary services such as reactive
power compensation. The proposed controller features simplic-
ity, seamless transition between modes of operations, fast dynamic
response, and small tracking error under steady-state condition
of controller objectives. The operation of the proposed system is
verified experimentally.

Index Terms—Impedance-source inverter, maximum power
point tracking (MPPT), model predictive control (MPC),
photovoltaic (PV) systems.

I. INTRODUCTION

CONVENTIONAL power systems are made-up of large
central power plants that supply the loads through the

transmission and distribution system. However, due to the recent
increasing interest in exploiting renewable energy resources, the
distributed generation (DG) facilities that are interfaced directly
to the distribution network (DN) are becoming more ubiquitous.
Photovoltaic (PV) generation systems are one of the most widely
adopted DG facilities that are frequently connected to DN. The
existing DN was not initially built with a concern for high-level
DG integration; thus, the recent trend is leading to degraded
DN system performance, safety, and reliability. Some of the
well-known concerns pertaining to integration of more DG into
the grid are the power quality issues, islanding operation mode,
protection issues, and increased fault currents [2]–[5].

Islanding refers to the condition in which a portion of the grid
(e.g., a microgrid) becomes temporarily isolated from the main
grid but remains energized by its own DG resources [6]. Island-
ing may occur accidentally or deliberately. Commonly during

Manuscript received March 14, 2017; revised May 14, 2017; accepted June
19, 2017. Date of publication July 4, 2017; date of current version February
1, 2018. Recommended for publication by Associate Editor Dmitri Vinnikov.
(Corresponding author: Reza Ahmadi.)

The authors are with the Department of Electrical Engineering and Com-
puter Science, University of Kansas, Lawrence, KS 66045 USA (e-mail: sally.
sajadian@ku.edu; ahmadi@ku.edu).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TPEL.2017.2723358

the grid-connected operation, the DG systems are not responsi-
ble for frequency or voltage regulation, rather they only inject
power to the grid. However, when a microgrid is cut off from the
main grid at the point of common coupling (PCC), each renew-
able electricity generator has to detect the islanding situation
[7], [8], and attempt to regulate the frequency and voltage of the
microgrid. Sudden reconnection of an islanded microgrid to the
grid after a period of islanded operation can have detrimental ef-
fects on DN operation because of the differences between the mi-
crogrid’s and main grid’s frequency, phase, and amplitude of the
voltages. Therefore, sophisticated power electronic interface cir-
cuitry and advanced control schemes are required for DG invert-
ers to ensure a smooth transition from/to the islanding condition.

There are many works in the literature that look at the island-
ing operation of microgrids and the effects on the main grid.
In this regard, Pedersen et al. have provided several mathemat-
ical approaches for islanding analysis of wind farms based on
measured voltage [9]. Ropp et al. proposed an islanding de-
tection method using phase criteria and nondetection zones for
PV applications [10]. Woyte et al. investigated the safety issues
concerning the grid-connected PV inverters in case of uninten-
tional islanding [11]. Bloemink et al. proposed a robust control
strategy for multisourced microgrid with islanding capability
[12]. Eghtedarpour et al. investigated control strategy for hybrid
ac/dc microgrids for islanding operation [13]. Other researchers
have also proposed several protection strategies, supervisory
controllers, and architectures to enhance the islanding operation
and smooth reconnection of microgrids with DG [14]–[20].

Traditionally, voltage source inverters (VSIs) or current
source inverters (CSIs) are used as power electronic interfaces
between renewable energy sources and local loads in micro-
grids. However, recently a new converter topology denoted as
the impedance-source converter [21] is developed for the same
purpose which undermines the limitations of the conventional
VSIs and CSIs. These new converters provide several advan-
tages for a variety of applications. In particular, Z-source in-
verters (ZSIs) can step up/down the voltage freely and thus are
very well suited for designing single-stage PV DG systems.
Fig. 1 demonstrates a single-stage PV DG system built around
a ZSI. The focus of this paper is to propose a reliable and ef-
ficient control strategy for a dual-mode operation ZSI for PV
applications. The main features of the proposed system are: sin-
gle loop multi-objective predictive controller with hybrid cost
function and adaptive weight factors, robust operation under dis-
torted grid voltage, decoupled active and reactive power control
in grid-connected mode, seamless transition between islanded
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Fig. 1. (a) Dual-mode Z-source inverter, (b) the equivalent circuit of the impedance network of the ZSI during a shoot-through mode, and (c) a nonshoot-through
mode.

and grid-connected modes of operation, voltage regulation in
islanded mode, and reactive power compensation at PCC as an
ancillary service from the DG system to the grid.

The transition between grid-connected and islanded operat-
ing modes may result in voltage spikes across the local loads, at
PCC, leading to injection of inrush currents into the grid due to
mismatch between frequency, phase, or amplitude of the volt-
ages. Although several control methods have been proposed in
the literature for dual-mode operating inverters with seamless
transfer characteristics [22]–[25], most of these methods use
multiple-loop cascaded controllers which are difficult to tune
and implement, and may not have reliable operation under ab-
normalities in the grid such as distorted grid voltage. This paper
uses the model predictive control (MPC) [26], [27] method to
develop a new control strategy for dual-mode ZSIs with the capa-
bility to seamlessly transit between grid-connected and islanded
modes of operation. The proposed methodology is solving only
a single optimization problem for all operation modes. This fea-
ture simplifies the controller algorithm compared to linear mul-
tiloop classic controllers for dual-mode operation inverters. This
advantage is particularly more important for impedance source
inverters which require advance modulation scheme due to exis-
tence of shoot-through state in addition to active and null states.

This paper is structured as follows: Section II explains the
structure of the proposed system and provides the details of
the controller design for each mode of operations. Finally, it
presents a strategy for islanding mode detection based on active
frequency drift (AFD) method. Section III presents experimental
results. Section IV concludes this paper.

II. PROPOSED MODEL PREDICTIVE CONTROL OF THE SYSTEM

A. System Description and Model

The modes of operation of the system can be classified to
two steady-state modes and two transition modes. The steady-

Fig. 2. Modes of operation of the proposed Z-source inverter.

state modes are the grid-connected and islanded modes. The
transition modes are transition from the grid-connected mode
to the islanded mode and vice versa. The state diagram for
transition between the four modes of operation of system is
illustrated in Fig. 2. As pictured, a decoupled active and reac-
tive power controller that can freely adjust the power factor of
the ZSI is proposed for the grid-connected mode. In the islanded
mode the required local load voltage is regulated by the same
controller but with different terms in the proposed MPC cost
function. In both steady-state modes, the voltage and current of
the impedance network are controlled to adjust the ZSI gain by
operating in the shoot-through and nonshoot-through states, for
applications such as the maximum power point tracking (MPPT)
for the PV source. For transition modes, a grid-synchronization
and phase adjustment algorithm is proposed to seamlessly tran-
sit from the grid-connected mode to the islanded mode and
vice versa. Based on the application, the reference signals for
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the MPC cost function are generated. For example, for the PV
application, the reference active power is determined from the
MPPT algorithm and the dc-link voltage control [28].

In this section, the derivation of the predictive model of the
system will be discussed. In the stationary reference frame,
the per-phase output filter dynamic model of the ZSI is given by
the output filter inductor current and capacitor voltage:

d

dt
iL (t) =

1
L

(vi(t) − vPCC(t) − iL (t)Resr) (1)

d

dt
vC (t) =

d

dt
vPCC(t) =

1
C

(iL (t) − iLoad(t)) (2)

where iL (t) is the filter inductor current, vi(t) is the output
voltage before the filter, vPCC(t) is the voltage at the PCC, L is the
grid side inductance of the filter, andResr is the equivalent series
resistance of the inductor. Using the Euler forward method, (1)
and (2) can be approximated using

dx(t)
dt

≈ x̃(k + 1) − x(k)
TS

(3)

where Ts is the sampling period and k is discretized t. The
predicted inductor current ĩL (k + 1) and capacitor voltage
ṽC (k + 1) can be found from (1) to (3) as

ĩL (k + 1) =
Ts
L

(vi(k) − vPCC(k) − iL (k)Resr) + iL (k) (4)

ṽC (k + 1) =
Ts
C
iC (k + 1) + vC (k). (5)

Moreover, the grid side voltage (vg ) can be predicted at time
(k + 1) using

ṽg (k + 1) = vg (k)ejωTS (6)

where ωTs is the amount of change in angle of the grid side
voltage over one sampling interval Ts , for a grid voltage with
angular frequency of ω. If the sampling interval is sufficiently
small, it can be approximated that ṽg (k + 1) ≈ vg (k). Addi-
tionally, from (2) and the Euler forward approximation, the
predicted value of the per-phase local load current in islanded
mode can be formulated by

ĩLoad(k + 1) = iL (k + 1) − C

Ts
(vc(k + 1) − vc(k)). (7)

A distinctive characteristic of a ZSI is its capability to lever-
age shoot-through switching states for boosting the output volt-
age. In shoot-through states both switches in one leg of the
inverter are turned ON simultaneously. Fig. 1(b) and (c) illus-
trates the equivalent circuits of the impedance-network of the
ZSI shown in Fig. 1(a) during the shoot-through and nonshoot-
through modes. At the PV side, the discretized equations for a
nonshoot-through state are found in the literature as [29], [30]
⎧
⎪⎪⎨

⎪⎪⎩

ĨL1(k + 1) = IL1(k) +
TS
L1

(Vpv − VC 1(k) −RL1IL1(k))

ṼC 1(k + 1) = VC 1(k) +
TS
C1

(ĨL1(k + 1) − Ĩinv(k + 1))

(8)

where

Ĩinv(k + 1) = S1 × Ia(k) + S2 × Ib(k) + S3 × Ic(k). (9)

The discretized equations for the shoot-through state are found
similarly from [29], [30]

⎧
⎪⎪⎨

⎪⎪⎩

ĨL1(k + 1) = IL1(k) +
TS
L1

(VC 1(k) −RL1IL1(k))

ṼC 1(k + 1) = VC 1(k) − TS
C1
IL1(k + 1)

. (10)

B. Grid-Connected and Islanded Model

In the grid connected mode, the proposed controller for the
ZSI behaves as a current regulator by injecting power to the grid.
The controller objectives in this mode of operation are decoupled
active and reactive power control as well as the voltage and
current control for the impedance network elements. The dual-
mode operation ZSI system can operate with adjustable power
factor, enabled by the proposed decoupled power control.

Most of the robust grid synchronization techniques avail-
able in the literature require multiple cascaded control loops
that need to be designed and tuned. Commonly, the grid syn-
chronization requires the amplitude and phase angle informa-
tion of the grid voltage detected by the phase-locked loop [31],
[32]. Also, some other synchronization subsystems are usually
needed for conventional grid-connected inverter system includ-
ing synchronization reference frame [33], [34]. These multiloop
cascaded control loop adds design complexity, adverse transient
performance, and even system instability [35], [36]. Therefore,
second-order generalized integrator (SOGI) which is a simple
synchronization algorithm with proved harmonic distortion re-
jection capability is used in this paper for generation of or-
thogonal α-β phase components for the ZSI. The characteristic
transfer functions of SOGI in S-domain are given by [37]

xα (s)
x(s)

=
χωs

s2 + χωs+ ω2 (11)

xβ (s)
x(s)

=
χω2

s2 + χωs+ ω2 (12)

where χ is the damping factor and ω is the fundamental fre-
quency. The SOGI can filter the harmonics that are far from the
fundamental frequency. The SOGI can effectively extract the
fundamental component from signals with all harmonic compo-
nents.

In order to determine the predictive active and reactive power
model for MPC, by using the SOGI, the orthogonalα− β phase
components of PCC voltage vPCC and current iL are generated
and given by

vPCC−α = Vm sin(ωt) (13)

vPCC−β = −Vm cos(ωt) (14)

iL−α = Im sin(ωt− φ) (15)

iL−β = −Im cos(ωt− φ). (16)
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Accordingly, the active and reactive power in α− β can be
formulated as [38]

x =

[
P

Q

]

=
3
2

[
vPCC−α vPCC−β
vPCC−β −vPCC−α

][
iL−α
iL−β

]

. (17)

Then, the derivative of active and reactive power with respect
to time can be found as

⎡

⎢
⎢
⎣

dP

dt

dQ

dt

⎤

⎥
⎥
⎦ =

3
2

⎡

⎢
⎢
⎣

dvPCC−α
dt

dvPCC−β
dt

dvPCC−β
dt

−dvPCC−α
dt

⎤

⎥
⎥
⎦

[
iL−α
iL−β

]

+
3
2

[
vPCC−α vPCC−β
vPCC−β −vPCC−α

]
⎡

⎢
⎢
⎣

diL−α
dt

diL−β
dt

⎤

⎥
⎥
⎦ (18)

while the derivative of PCC voltages vPCC−α and vPCC−β with
respect to time can be found as

dvPCC−α
dt

= −ω × vPCC−β

dvPCC−β
dt

= ω × vPCC−α . (19)

The state-space model of the system with respect to active
and reactive power can then be found from (17) to (19) and (1)
as

dx

dt
= Ax+Bvi − EvPCC (20)

where

x =
[
P Q

]T
, B =

3
2L

[
vPCC−α vPCC−β
vPCC−β −vPCC−α

]

,

A =

⎡

⎢
⎣

−Resr

L
−ω

ω −Resr

L

⎤

⎥
⎦ , E =

3
2L

[
vPCC−α vPCC−β

0 0

]

.

(21)

Thus, the system is presented in state-space format with P
and Q as the state variables. In (20), vi is the input and vPCC is a
measured value. Using the Euler forward method, the discrete-
time model of (20) can be found as

x̃(k + 1) = x(k) + Ts (Ax(k) +Bvi(k) − EvPCC(k)) . (22)

This equation can be used to formulate the predicted active
and reactive power at instant (k + 1)

P̃ (k + 1) = P (k) − ωTsQ(k)

+
3Ts
2L

(
V 2
m − vPCC−α (k)vi−α (k) − vPCC−β (k)vi−β (k)

)

Q̃(k + 1) = Q(k) + ωTsP (k)

− 3Ts
2L

(vPCC−β (k)vi−α (k) − vPCC−α (k)vi−β (k)) . (23)

Thus, two of the control variables (active and reactive
power) for grid-connected mode of operation can be predicted

measuring the filter inductor current iL (grid side current in grid-
connected mode), the PCC voltage vPCC, and the inverter output
voltage vi , all in two-axis stationary reference frame α− β.
The other two control variables, i.e., inductor current (IL1) and
capacitor voltage (VC 1) on the PV side, are predicted using (8)
and (10).

In the islanded mode of operation, the ZSI is disconnected
from the grid at the PCC. The ZSI will supply the local loads in
this mode. The controller objectives are to regulate the voltage
across the local loads by using (5) and to control the impedance
network current and voltages using (8) and (10).

C. Transition Modes: Grid Synchronization and Phase
Adjustment

According to the state diagram of Fig. 2, during the two
transition modes the proposed grid synchronization and phase
adjustment method will be triggered to ensure seamless transi-
tion. The block diagram of the proposed grid synchronization
and phase adjustment method is illustrated in Fig. 3. The input to
the grid synchronization algorithm is the peak grid voltage (Vg )
and α component of the grid voltage (vg−α ) which is generated
using the SOGI module. The low-pass filter characteristics of
the SOGI modules filter out the grid voltage harmonics to obtain
the fundamental component phase information of the grid volt-
age. The algorithm starts by estimating the grid voltage phase
using

φ̂g = sin−1
(∣
∣
∣
∣
vg−α (t)
Vg

∣
∣
∣
∣

)

. (24)

Due to symmetry characteristic of the sinusoidal waveform,
the phase angle given by (24) can correspond to two different
magnitude over one cycle. Thus, an exact phase angle determina-
tion is required. A zonal detection approach is used to determine
the exact phase angle that corresponds to specific voltage mag-
nitude according to (24). As illustrated in Fig. 4, a sinusoidal
waveform can be divided into four zones in one cycle. A look-up
table with saved values of a sine function is used; four zones
are identified over a sinusoidal cycle as illustrated in Fig. 4 in
order to get the appropriate point in look-up table with the right
phase angle information of the grid voltage. The vector zone of
grid voltage and as a result the exact phase angle is determined
using the vg (k) and vg (k − 1) values as follows:

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

vg (k) > 0 & vg (k) > vg (k − 1) ⇒ zone 1

vg (k) > 0 & vg (k) < vg (k − 1) ⇒ zone 2

vg (k) < 0 & vg (k) < vg (k − 1) ⇒ zone 3

vg (k) < 0 & vg (k) > vg (k − 1) ⇒ zone 4

(25)

φ̃g =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

φg zone 1

360
2

− φg zone 2

360
2

+ φg zone 3

360 − φg zone 4

(26)
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Fig. 3. Proposed model predictive control for Z-source inverter dual mode operation: grid-connected and islanded.

Fig. 4. Zonal representation of grid voltage.

where

φg = rnd

(
360 × φ̂g

2π

)

. (27)

Once the phase angle is determined according to (25)–(27),
the reference voltage for the islanded mode of operation can be
determined over the transition period by

φl = ωΔt+ φ̃g

vref(k) = VPCC sin(φl). (28)

This grid synchronization is required for both transition
modes (modes 1 and 2). In mode 2 (transition from islanded
to grid-connected mode), a phase adjustment will be triggered
after the grid voltage restauration. The phase adjustment algo-
rithm evaluates the phase angle difference between the local load
and the grid, if their difference is negligible (smaller than some
predefined ε), then the phase angle information will be sent to
grid-connected mode control algorithm. If the phase difference
is bigger than ε, then a unit increment/decrement in the fre-
quency is carried-out to adjust the phase difference for seamless
transition from islanded mode to grid-connected mode. Thus,
the reference voltage is determined as

vref(k) = VPCC sin(φl + Δω × Δt× ψ) (29)

where Ψ is 1 if φ̃g > φl and −1 if φ̃g < φl , after each in-
crement/decrement in the phase angle. The phase difference
(|φ̃g − φl |) is evaluated until the absolute value of the phase
angle difference between the grid voltage and the local load
voltage is smaller than ε.



SAJADIAN AND AHMADI: MPC OF DUAL-MODE OPERATIONS Z-SOURCE INVERTER: ISLANDED AND GRID-CONNECTED 4493

D. Controller Formulation and Algorithm

As mentioned earlier, there are four modes of operation for
the proposed controller of dual-mode inverter: two steady-state
modes and two transition modes. The objective of two transition
modes is to ensure synchronization and seamless transfer. The
summary of the controller algorithm is illustrated in Fig. 3. In
this paper, a single cost function subject to minimization for
all modes of operation is developed; the whole optimization
problem for the system is formulated as follows:

min g=

{
λP gP + λQgQ + λC gC +λLgL for modes 1, 3, 4

λ′
C gC +λ′

LgL + λ′
V gV for mode 2

subject to

x̃(k + 1) = x(k) + TS (Ax(k) +Bu(k))

gP = |Pref(k) − Pout(k + 1)| , gQ = |Qref(k) −Qout(k + 1)|
gC = |VC−ref(k) − VC (k + 1)| , gL = |IL−ref(k) − IL (k + 1)|
gV = |Vref(k) − Vi(k + 1)| . (30)

The weight factors (λP , λQ , λC , λL ) are selected adaptively
based on the modes of operation. According to (30), two set
of (λP , λQ , λC , λL ) coefficient are selected: one set for modes
1, 3, 4 and another set for mode 2. The weights factors are
determined using branch and bound technique [26], tracking
errors of each control objectives and injected grid current total
harmonic distortion (THD) are used as a tool for selection of
weight factors using branch and bound technique.

Assuming the system is operating initially in mode 1, at the
end of the control algorithm for mode 1, the mode detection
algorithm determines the ZSI mode of operation. If mode 2 is
detected, the grid synchronization algorithm will be triggered to
determine the reference voltage for local loads to be regulated
in mode 2. As illustrated in Fig. 3, mode 2 also regulates the C1
voltage and L1 current for determination of shoot-through and
nonshoot-through operation. Then the optimization problem of
(30) will be executed for mode 2. The voltage vector that min-
imizes the cost function will be determined and applied to the
converter in mode 2. The mode detection algorithm runs again
at the end of each loop. If mode 1 is detected, the grid synchro-
nization and phase adjustment algorithms will be triggered to
seamlessly transit to grid-connected mode.

E. Mode of Operation Detection Algorithm

Islanding detection is a required feature in control of dual
mode grid-connected inverters. The islanded mode of operation
may occur intentionally and unintentionally. Unintentional is-
landing occurs when there is a fault at the main grid and the ZSI
is disconnected from the grid, only supplying the local loads.
The intentional islanding also can happen by a command to the
controller for only supplying the local loads. For either situa-
tion, the proposed controller first operates in mode 3 (transition
mode) and then switches to mode 2. Thus, in order to have a
seamless transfer, an islanding detection technique is required
for unintentional islanding mode.

Fig. 5. One-line-network diagram at the point of common coupling (PCC).

Several islanding mode detections have been reported in the
literature [12], [39], [40]. AFD method [39], [41] has received
considerable attention for PV DG systems because of its sim-
plicity and easy implementation. In this paper AFD is used for
islanding mode detection. This section provides a brief review
of the AFD technique.

An attractive solution for implementation of AFD is the at-
tempt to drift the frequency or the magnitude of the PCC volt-
age beyond the allowed normal range of the parameters that are
known as standard under- and over-frequency protection and
under- and over-voltage protection [39]. An equivalent network
of the ZSI, local loads, and the grid at PCC is shown in Fig. 5.
The active and reactive powers being consumed by the local
loads (assuming RLC load) are given by

Pload =
3V 2

PCC

R
= Pinv (31)

Qload =
3V 2

PCC

XC

[(
f0

fPCC

)2

− 1

]

= Qinv (32)

where f0 and fPCC are the resonant frequency of the load and
PCC frequency in islanding mode of operation. Equation (31)
can be used to find

VPCC =

√
1
3
PinvR. (33)

Thus, in islanding mode, the voltage at PCC is a func-
tion of active power of the ZSI. If the harvested PV power
does not match the required power by the load, VPCC must in-
crease/decrease to match the load power and the PV power.
Thus, in the islanded mode, voltage drifting is achieved by
varying Pinv. From (33), it can be seen that VPCC is a function of
Pinv and R only; thus, the frequency can be drifted by changing
Qinv as given by (32). Thus, the frequency of current follows the
frequency of voltage at mode 1 because of the direct power con-
trol in this mode. In mode 2, depending on the reactive power
control reference for the proposed controller, the value of the
PCC voltage frequency tends to drift downward/upward. As an
example, if the PV system was operating with unity power factor
(Qref(k) = 0), the frequency of PCC voltage would tend to drift
downward. The detail procedure is provided in [39] and [41].

III. RESULTS AND DISCUSSIONS

The proposed controller is implemented in MAT-
LAB/Simulink and experimentally validated using the PLECS
RT Box. The experimental setup for this system is shown in
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Fig. 6. Experimental setup.

TABLE I
SYSTEM PARAMETERS [1]

Parameter Value

C1 1000 μF
C2 1000 μF
L1 0.7 mH
L2 0.7 mH
Sampling time 60 μs
Cpv 470 μF
Lgrid 1 mH
VPCC 120 V
Local load case 1 30 Ω
Local load case 2 60 Ω

Fig. 6. The detail system parameters are given in Table I, the ZSI
components design strategy are available in [1] . The proposed
system is experimentally tested for several case studies in the
grid-connected mode and islanded mode. The performance of
the proposed controller is evaluated by looking into four impor-
tant merit criteria: seamless transition between grid-connected
mode and islanded mode, phase adjustment and grid synchro-
nization, seamless transition between grid-connected and is-
landed mode with different frequencies, decoupled active and
reactive power control in grid-connected mode, fast dynamic
response of active and reactive power due to change in solar
irradiance level or change in reactive power required by the grid
at PCC, low tracking error in steady-state operation, and reliable
operation under distorted grid voltage in grid-connected mode.

The transitions from grid-connected mode to islanded mode
and vice versa are first examined. The vPCC, iL , and ig wave-
forms for this transition are shown in the scope shots of Figs. 7
and 8. As pictured in Fig. 7, the dual-mode ZSI is initially con-
nected to the grid and then it is disconnected from the grid.
After disconnection from the grid, the grid current ig goes to
zero instantly. The dual-mode ZSI operates in islanded mode af-
ter a short period for islanding detection and transition. It can be
seen that a seamless transition from grid-connected to islanded
mode is achieved without overshoot/undershoot for PCC voltage
vPCC and/or inductor current iL during this transition process.
In order to demonstrate the flexibility and reliability of the pro-
posed controller, the local loads in islanded mode are assumed
to operate at 180 Hz instead of 60 Hz grid frequency. This case
study demonstrates the capability of the proposed system to

Fig. 7. Seamless transition from grid-connected to islanded mode.

Fig. 8. Seamless transition from islanded mode to grid-connected mode.

Fig. 9. Islanded mode of operation.

seamlessly transfer to islanded mode while the local load fre-
quency is different than the grid frequency.

Fig. 8 demonstrates the dual-mode ZSI performance for tran-
sition from islanded mode to grid-connected mode. As picture,
the ZSI is initially supplying local loads when islanded, then
it will go to transition mode when the grid is ready to recon-
nect and the grid synchronization as well as phase adjustment
algorithms are triggered. Similar to previous case, the transi-
tion happened seamlessly without harsh dynamic behavior in
vPCC, iL , and ig as shown in Fig. 8.

The experimental results of the dual-mode ZSI operation
in islanded mode and grid-connected mode are shown in
Figs. 9–11. A resistive load of 60 Ω is considered as the local
load for islanded operation of the system in Fig. 9, the vPCC, iL ,
and ig waveforms are shown in Fig. 9 for this experiment. As it
is pictured, the load voltage is tracking its reference PCC voltage
for this case study with peak voltage of 120 V.
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Fig. 10. Grid-connected mode: step change in active and reactive reference
power, the reactive power changed from 0 to 200 VAR and the active power is
changed from 300 to 200 W.

Fig. 11. Grid connected mode: step change in active and reactive reference
power, the reactive power changed from 200 to 0 VAR and the active reference
power is changed from 200 to 300 W.

TABLE II
HARMONICS DISTORTION OF GRID-SIDE CURRENT

Harmonic Order Distortion (%)

3rd 0.94%
5th 0.03%
7th 0.54%
9th 0.14%
11th 0.28%
13th 0.22%
15th 0.14%
17th 0.11%

Figs. 10 and 11 show the grid-connected mode operation
when a step change is applied to active and reactive power
references. In Fig. 10, the active and reactive power references
are initially 300 W and 0 VAR (unity power factor), respectively,
then a step change is applied to the active and reactive power
references. The reactive power is changed to 200 VAR and
active power is decreased to 200 W. In Fig. 11, the active and
reactive powers are changed back to 300 W and 0 VAR. As it is
shown in Figs. 10 and 11, the grid current overshoot/undershoot
is negligible. The active and reactive power tracking errors are
less than 0.06%. In order to evaluate the quality of the injected
current to the grid, the individual harmonic components of the
grid side current ig are tabulated in Table II, the calculated ig
THD of 2.48% is within the IEEE-519 standards for grid-tied
systems [42]. Figs. 12 and 13 show the three phase inductor

Fig. 12. Waveform of iL−a bc during seamless transition from grid-connected
mode to islanded mode for local load of 30 Ω.

Fig. 13. Waveform of iL−a bc during seamless transition from grid-connected
mode to islanded mode for local load of 60 Ω.

Fig. 14. Waveform of ig and vg under distorted grid voltage.

(iL−abc)—current during seamless transition for resistive local
load of 30 and 60 Ω. As it is pictured, for both cases of local
load connected at the PCC to the system, seamless transition is
achieved without significant deviation in the current.

Fig. 14 shows the performance of the proposed controller
under distorted grid voltage (vg ) in grid-connected mode. As
shown in Fig. 14, the grid current is not affected by the distorted
grid voltage. The commanded unity power factor operation with
high quality current waveform is achieved. Fig. 15 shows the
experimental dynamic performance of active and reactive power
to big step change in active and reactive power references. A
step change is applied to active power from 200 to 800 W and in
reactive power from 500 to 0 VAR. As pictured in Fig. 15, the
reference of active and reactive power was initially 200 W and
500 VAR, respectively; then, at time 2 s, a step change is applied
to active and reactive power from 200 to 800 W and from 500 to
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Fig. 15. Experimental results active and reactive power tracking: (a) active power tracking response to step change from 200 to 800 W, (b) active power
steady-state tracking error, (c) reactive power tracking response to step change from 500 to 0 VAR, and (d) reactive power steady-state tracking error.

0 VAR, respectively. As shown, the results demonstrate promis-
ing dynamic response for such a big step change also. The
steady-state operation tracking errors are shown in Fig. 15(b)
and (d), as it is pictured the power ripple is negligible. The active
power tracking error is negligible with active power ripple of
less than 0.8 W peak to peak. Similarly, the reactive power is
tracked with negligible oscillation and tracking error, for unity
power factor reference, the achieved experimental power factor
is around 0.99 and the reactive power ripple is less than 0.8
VAR peak to peak. It worth mentioning that for the proposed
multi-objective control system, priorities can be given to indi-
vidual control objectives by adjusting the weight factors in the
MPC cost function (30). The active and reactive power track-
ing performance in Fig. 15 can be adjusted by lowering the
tracking accuracy of other control objectives in (30) from their
references.

Thus an engineering trade-off is applied in this paper to bal-
ance the tracking performance between all the control objectives
in the single hybrid cost function of (30).

IV. CONCLUSION

This paper proposes a MPC technique for a dual-mode ZSI
with seamless transition between grid-connection and islanding
mode without significant deviation in voltage and current due
to mismatch in phase, frequency, and amplitude of grid voltage
and load. The proposed single loop controller determines the
optimal switching states for the ZSI based on its mode of oper-
ation. A single hybrid cost function is developed for all modes
of operation which simplifies the design and practical imple-
mentation of the proposed model based predictive controller.
This characteristic of the proposed system is well suited for the
impedance source inverters which require advance and complex
modulation scheme due to their shoot-through state in addition
to active and null states. The hybrid cost function is optimized
during each sampling time to: harvest the maximum power from
the PV module, inject the active power to the grid, provide re-

active power compensation for the grid as an ancillary service
to the grid through PCC, and maintain the PCC voltage in the
islanded mode. The explanation of system modes of operation,
strategy to transit between modes of operation, and operation
in steady-state modes are provided. Several experimental case
studies are provided to validate the theoretical expectations. The
results demonstrate robust operation in all modes of operation.
The main features of the proposed controller are high quality
grid current in grid connected mode, fast dynamic response in
grid-connected mode to step change in active and reactive power,
negligible power ripple in steady-state operation, seamless tran-
sition between modes of operation without significant deviation
in PCC voltage and current, robust operation under distorted
grid voltage, and capability to operate at different frequencies
in islanded mode of operation.
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