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Abstract—The energy-stored quasi-Z-source inverter 
(ES-qZSI) has attracted much attention for photovoltaic 
(PV) power generations, due to its capability to stabilize 
the PV power fluctuations with simple structure and other 
advantages of Z-source inverter. The improved dual-
mode (DM) ES-qZSI is able to support all-weather 
operation even at night or cloudy days when PV power is 
extremely low. Whereas, the traditional proportional-
integral (PI) based control suffers from complicated 
controller design and poor dynamic response during 
mode transition, due to two sets of PI control required for 
the daytime and night operation modes. In order to 
overcome that, this paper proposes a model predictive 
control strategy for the DM-ES-qZSI PV power system. 
The system predictive models in both day and night 
operating modes are derived. The control strategy is 
disclosed to ensure high performance of the system, 
through calling the predictive models and defined cost 
functions of the two modes within a single control loop. 
Simulation and experiment are carried out to verify the 
effectiveness of proposed control strategy. 

Index Terms—Energy storage, Model predictive control, 
Photovoltaic power systems, quasi-Z-source inverter.  

I. INTRODUCTION 

HE power of solar cell is intermittent and heavily 

influenced by the random change of irradiation and 

temperature. In addition, the power demand on the ac side of 

the Photovoltaic (PV) power generation system might not be 

constant. The energy storage technique presents a significant 

role in PV power systems to store redundant energy or fill up 

insufficient energy, thus to compensate PV power fluctuations 

[1]-[3]. The traditional energy storage scheme usually employs 

an extra DC-DC converter responsible for the charge and 

discharge management of energy storage battery, which 

increases the system volume, cost, and control complexity. 

The energy-stored quasi-Z-source inverter (ES-qZSI) is able 

to balance the powers between PV panels and loads, through 

paralleling the battery to the quasi-Z-source (qZS) capacitors. 

No additional power converters are required, the system 

topology and circuit are simplified, and even the cost and 

reliability are improved, in addition to the characteristics of Z-
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source inverter [4]-[6]. References [7] and [8] discussed its 

power flow and put forward a corresponding battery 

management strategy. References [9] and [10] discussed its 

working principle, and proposed a control scheme to maintain 

the power balance among PV panels, energy storage batteries, 

and loads. Reference [11] contributed to another ES-qZSI by 

paralleling a battery to capacitor C1, with three typical operating 

modes. Another control strategy to maintain constant dc bus 

peak voltage was proposed in [12]. The modeling and power 

balancing management of ES-qZSI applying to cascade 

multilevel system were discussed in [13] and [14]. Considering 

that the traditional ES-qZSI cannot operate at night or much low 

PV power conditions, reference [15] modified the topology and 

resulted into a dual-mode ES-qZSI (DM-ES-qZSI) with day 

and night modes, which was able to operate in day and night 

conditions. It was extended to multilevel system in [16]. 

The DM-ES-qZSI works similar to the traditional ES-qZSI 

when PV power is sufficient in daytime mode. It also has a night 

mode, in which the PV panel is cut off from the system, and the 

battery becomes the only power source to supply the load. The 

operating principle and control goals are different in the two 

modes. As a result, two separate sets of proportional-integral 

(PI) based control strategies were developed for daytime and 

night operating modes, respectively [15], [16]. Whereas, the 

ES-qZSI has a coupled impedance network, and one of the qZS 

capacitor voltages is clamped to the battery voltage. It is usually 

necessary to coordinate multiple control variables, such as the 

PV panel voltage and current, qZS inductor current, battery 

charge and discharge, and inverter output voltage/current, 

through multiple PI regulators and even cascaded control 

structure with outer and inner loops. The controller structure 

and design become complicated, let alone the two sets of PI for 

the DM-ES-qZSI. In addition, the PI-based control suffers from 

unstable voltage and current control and poor dynamic 

performance during the mode switching between the daytime 

and night modes. 

The fuzzy control [17]-[19] and sliding mode control [20] 

based nonlinear control algorithms have been investigated on 

the traditional ES-qZSI to improve dynamic response. The 

former two methods suffer from complicated controller design 
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and difficult digital realization. The later one has few 

investigations due to the recently emerged Model Predictive 

Control (MPC) method [21],[22]. The MPC has attracted much 

attention in power electronics, because of its advantages of 

effectiveness in multi-objective optimization, simple structure 

using one single control loop, easy digital implementation, and 

fast tracking of reference signals [21]. References [23] and [24] 

performed the MPC to the four-leg and single-phase qZSIs. The 

MPC for the qZSI based motor drives were discussed in [25]-

[27]. A long-horizon MPC was applied to improve the 

performance of qZSI in [28]. And [29]-[31] studied on the 

weighting factors elimination for the MPC of qZSI. In addition, 

the MPC is attractive in applications of modes switching 

through calling different predictive models and cost functions, 

instead of designing two or more sets of PI control loops 

[32],[33]. Whereas, the MPC has not been developed for the 

ES-qZSI yet, nor for the DM-ES-qZSI. 

In this paper, an MPC based control method is proposed for 

the DM-ES-qZSI PV power system, including the maximum 

power point tracking (MPPT) of PV panel, battery charging and 

discharging, and load power stabilization in the daytime 

operation mode; and the battery discharging and load power 

stabilization in the night operation mode. The predictive models 

are established and cost functions are defined, according to the 

operating principle and control goals of the two modes, 

respectively. The control method is realized through calling the 

predictive models and cost functions within one single control 

loop. Simulation and experimental results demonstrate fast and 

accurate response, and smooth mode switching. The 

organization of the paper is as follows. In Section II, the DM-

ES-qZSI PV power system is introduced. In Section III, the 

system predictive models are established. Section IV details the 

proposed MPC strategy. Section V demonstrates simulation and 

experimental results, and Section VI concludes the work. 

II. DM-ES-QZSI PV POWER SYSTEM 

Fig. 1 shows the configuration of DM-ES-qZSI PV power 

system [15]. There are: i) the PV panel, with one switch K1 and 

one terminal capacitor Cin; ii) the energy-stored qZS network, 

including energy storage battery BT, two inductors L1 and L2, 

two capacitors C1 and C2, and one transistor K2; iii) the six 

transistors formed three-phase inversion bridges; and iv) the 

three-phase load. An IGBT/MOSFET based transistor K2 is 

used to replace the diode in the qZS network of traditional ES-

qZSI, allowing the bidirectional power flow. A relay/contactor-

based switch K1 is able to cut off the PV panel from the system 

at night or in cloudy or rainy days, so as to meet the load power 

demand through the energy storage battery. 

To simplify the analysis, the equivalent model of open circuit 

voltage with internal resistance is applied to the PV panel and 

energy storage battery as 

���� = ��� + 
���                                     (1) 

�
� = �
� + 

��
�                                 (2) 

where Vocv and Rb are the open circuit voltage and internal 

resistance of energy storage battery; ib and vC2 are the current 

and terminal voltage of the battery; VPV and RPV are the open 

circuit voltage and internal resistance of PV panel; and iPV and 

vPV are the current and terminal voltage of PV panel. Especially, 

there will be the capacitor-Cin voltage vin=vPV and the qZS 

inductor-L1 current iL1=iPV when K1 is closed at day time. 

 

 
Fig. 1.  Topology of dual-mode energy-stored quasi-Z-source 
photovoltaic inverter system. 

III. SYSTEM PREDICTIVE MODELING 

From Fig. 1, when the system operates in the daytime with 

sufficient PV power, the switch K1 is closed, PV panel is 

connected to the system and supplies power to the load, while 

the energy storage battery plays a role in stabilizing the 

fluctuation of PV power. When operating in insufficient PV 

power at night, cloudy, or rainy days, the output power of the 

PV panel is extremely unstable and even unable to output power 

under extreme conditions. Then the switch K1 cuts off the PV 

panel from the system, and the energy storage battery 

discharges to supply power to the load and maintains the 

operation of the system. The predictive models of the two 

operating modes are disclosed as follows, respectively. 

A. Predictive Model of qZS Network in Daytime 

When the system operates in the daytime, the switch K1 is 

closed and the PV panel is connected to the inverter system. The 

inverter bridges have the non-shoot-through state and shoot-

through state as the traditional qZSI, where the upper and lower 

switches of the same bridge arm can be connected at the same 

time without damaging the devices during the shoot-through 

state [5]. The equivalent circuits of the two states are as shown 

in Fig. 2, in which the three-phase inverter bridge is equivalent 

to a controlled current source, and the battery current is positive 

when discharges. 

As can be seen from Fig. 2 (a), in the shoot-through time 

interval T0, a bridge arm is shoot-through, the switch K2 turns 

off, the qZS capacitors discharges, the qZS inductors charges, 

the DC bus voltage vPN is zero, and the inverter does not 

contribute power to the load. From Fig. 2 (b), within the non-

shoot-through time interval T1, the switch K2 obtains the trigger 

signal and turns on, PV panel charges the qZS capacitors, the 

qZS inductors release energy, and the load in ac side gains 

power from the dc side.  

According to Kirchhoff current law (KCL) and Kirchhoff 

voltage law (KVL), the dynamic equations of the system dc side 

in the shoot-through and non-shoot-through states during 

daytime operation are obtained as shown in (3) and (4), 

respectively. 

a
b
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(a)                                             (b) 

Fig. 2.  Equivalent circuit of system dc side during daytime operation. (a) 
Shoot-through state, and (b) non-shoot-through state. 
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From (3), (4), and Fig. 2, the average model of dc side in a 

switching cycle during daytime operation of the system can be 

deduced [15]. Then when the system reaches the steady state in 

the daytime operation, the relationship between the dc-link peak 

voltage VPN, the average qZS capacitor voltages VC1 and VC2, 

with the average PV panel terminal voltage Vin is obtained as 

C2 in

C1 in C2 in

PN C1 C2 in in

1 2

1

1 2

1
=

1 2

D
V V

D

D
V V V V

D

V V V V B V
D


= ⋅ −


−

= ⋅ = +
−


= + = ⋅ ⋅

−

                   (5) 

where D =T0 /Ts is the shoot-through duty ratio, switching cycle 

Ts includes shoot-through state time interval T0 and non-shoot-

through state time interval T1. 

Forward Euler method is used to discretize equations (3) and 

(4), and the predictive model of shoot-through and non-shoot-

through states during daytime operation are obtained as shown 

in (6) and (7), respectively. 
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(7) 

B. Predictive Model of qZS Network at Night 

When the system operates at night or in the environment with 

insufficient PV power, the switch K1 is open, the PV panel is 

cut off from the system, and the energy storage battery supplies 

power to the load. Fig. 3 shows the equivalent circuit of the 

system dc side in night operation.  

During night operation, the system still has two states in one 

switching cycle: i) shoot-through state, during which switch K2 

is off; ii) non-shoot-through state, during which switch K2 is on. 

Similarly, the dynamic equations of dc side in the two states can 

be obtained as shown in (8) and (9), respectively. 

 
(a)                                             (b) 

Fig. 3.  Equivalent circuit of dc side of system during night operation. (a) 
Shoot-through state, and (b) non-shoot-through state.  
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From (8), (9), and Fig. 3, the average model of dc side in one 

switching cycle when the system operates at night can be 

obtained, and the relationship between voltages is shown as 
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Forward Euler method is used to discretize (8) and (9), and the 

predictive model of shoot-through and non-shoot-through states 

at night operation mode is deduced as shown in (11) and (12). 
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(12) 

C. Predictive Model of AC Output 

An inductive-resistive load with resistance RL and inductance 

LL in series of each phase is applied to the inverter bridge output 

of Fig. 1. According to Kirchhoff voltage law, the dynamic 

equation of output current is expressed as 

   
L L

d
=

d
R L

t
+

i
V i

o

o

                               (13) 

where V and io are the vectors of three-phase ac output voltage 

and current, respectively. From (13), the vector projection 

formula in two-phase static coordinate system is obtained as 
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where Vα and Vβ are the α and β components of V in two-phase 

static coordinate system, respectively; iα and iβ are the α and β 

components of io in two-phase static coordinate system, 

respectively. 

The Forward Euler method is used to discretize (14), and the 

predictive model of output current in two-phase static 

coordinate system are obtained as  
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             (15) 

Table I lists the eight effective voltage vectors of ac output, 

including seven V1~V7 for non-shoot-through state and one V8 

for shoot-through state. The three-phase qZSI has totally seven 

ways to obtain the shoot-through state, including shoot through 

by any one phase leg, combining any two phase legs, and all 

three phase legs [5]. Whereas, they are redundant because all 

the seven ways produce the same voltage vector [25]. Therefore, 

to reduce the calculation, the three phase legs turning on 

together is applied for the shoot-through state voltage vector.  

According to Table I, the eight effective vectors of ac output 

voltage can be expressed as 

( )2

PN 1 3 5

2

3
V S a S a S= ⋅ ⋅ + ⋅ + ⋅

x
V

                   (16) 

where � ∈ [1, … , 8] ; VPN is the dc-link peak voltage; a =

�����°
is a complex operator; S1, S3, and S5 represent the 

switching state of upper switches in phases A, B, and C, 

respectively. The Sn=1 indicates that the switch is on and Sn=0 

indicates that the switch is off, � ∈ [1, … , 6].  
TABLE I 

OUTPUT VOLTAGE VECTORS 

states    Voltage vector S1     S2   S3  S4 S5 S6 

       

      

      

Non-shoot-

through 

V1  1  0 0 1 0 1 

V2 1  0 1 0 0 1 

V3 0  1 1 0 0 1 

V4 0  1 1 0 1 0 

V5 0  1 0 1 1 0 

V6 1  0 0 1 1 0 

V7      1  0 1 0 1 0 

Shoot-through   V8     1  1 1 1 1 1 

 

IV. MPC-BASED CONTROL STRATEGY  

A. Proposed Control Strategy 

When the system is running in the daytime, the PV panel is 

the main power source to supply power for the whole system, 

and the energy storage battery is used to compensate PV power 

fluctuations. The controller needs to ensure: i) PV power 

tracking maximum power point, ii) stable ac output power, and 

iii) battery charging and discharging. And the system operates 

with three ports: PV panel, energy storage battery, and ac load. 

When two ports are controlled, the third one will automatically 

match the power difference, and the power balance ignoring the 

system power loss is:  

�PV + � = �out                                 (17) 

where PPV is the PV power, which is positive during the day 

and zero at night; PB is the power of energy storage battery, 

which is negative when charging and positive when discharging; 

Pout represents ac load power, constant positive. 

When the system operates at night or in the environment with 

insufficient PV power, the PV panel is cut off from the system. 

The energy storage battery becomes the only power source to 

supply power to the load. At this time, the controller needs to 

ensure: i) stable ac output power, and ii) battery discharging. 
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When the output power Pout is controlled, the energy storage 

battery power PB will match automatically.  

To achieve the control goals, Fig. 4 shows block diagram of 

proposed MPC for the DM-ES-qZSI PV power system. The 

instantaneous circuit variables are measured in the kth sampling 

period, including dc-side capacitor-Cin voltage vin, qZS 

inductor-L1 current iL1, and qZS capacitor C1 and C2 voltages 

vC1 and vC2, as well as ac-side three-phase load currents iabc 

transformed to iαβ in two-phase static frame. Then, based on the 

established predictive model in daytime and night operation 

modes, respectively, the state variables iL1(k+1), vin(k+1), and 

iαβ(k+1) are predicted for the (k+1)th time instant. And through 

delay compensation, the iL1(k+2), vin(k+2), and iαβ(k+2) are 

obtained for the (k+2)th time instant. With the reference values 

of capacitor-Cin voltage vinref, qZS inductor-L1 current iL1ref, and 

load currents iαref and iβref, the predictions are utilized to 

compute the control objectives combined cost function. By 

evaluating the value of cost function at all the eight voltage 

vectors, the optimal voltage vector, making the minimum cost 

function, is selected and generates the switching signals S1~S6 

for the inverter bridges. Once V8 is selected at shoot-through 

state, there will be K2=0; otherwise, K2=1 in all the other voltage 

vectors at non-shoot-through state. The switch K1 is PV power 

controlled. When the PV power is larger than a threshold Pth-K1 

in daytime, the controller sends a signal to close the K1, i.e., 

K1=1; otherwise, a signal is sent to open the K1, i.e., K1=0, at 

night operation. 
 

 
Fig. 4.  Block diagram of proposed MPC method for DM-ES-qZSI PV 
power system. 

 
In addition, the references are determined as follows: i) 

During daytime operation, the system measures the capacitor-

Cin voltage vin and qZS current iL1 in real time. The improved 

Perturb and Observe (P&O) based MPPT algorithm obtains the 

reference PV panel voltage vinref [15]. Then, the difference from 

vinref and vin going through a PI regulator generates the reference 

inductor-L1 current iL1ref. ii) At night operation, since the qZS 

capacitor-C2 voltage is clamped at a certain value by the energy 

storage battery, the vinref can be determined according to (10), 

so that the proposed MPC tracks the reference capacitor-Cin 

voltage to stabilize the dc-link peak voltage VPN. The iL1ref=0, 

due to no current flowing through. iii) The active and reactive 

reference currents idref and iqref in dq coordinate system are set 

according to load power demand, no matter daytime or night 

operation. Then, the reference currents iαref and iβref in two-phase 

stationary frame are obtained by coordinate transformation, so 

as to control ac side output currents iα and iβ. 

B. Cost Function Definition and Implementation 

Considering the delay compensation, predictive model for 

the (k+2)th time interval at daytime operation can be obtained 

from (6), (7) and (15), as 

( )C2

sL s
α α α
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sL s
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sL1 s
inL1_ST L1

11

sL1 s
L1_NST L1

11

( +2) 1 ( +1) ( +1)

( +2) 1 ( +1) ( +1)

( +2) 1 ( +1) ( +1) ( +1)

( +2) 1 ( +1)

TR T
k k k

LL

TR T
k k k

LL

TR T
k k k k

LL

TR T
k k

LL

i i V

i i V

i i v v

i i

 ⋅
= − ⋅ + ⋅  
 

 ⋅
= − ⋅ + ⋅  
 

 ⋅
= − ⋅ + ⋅ +  
 

 ⋅
= − ⋅ + ⋅  
 

( )C1in ( +1)- ( +1)k kv v













  (18) 

That for the (k+2)th time interval at the night operation can 

be obtained from (11), (12), and (15), as  
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  (19) 

The amplitude difference is the major concern of qZS 

inductor-L1 current iL1 and capacitor-Cin voltage vin with their 

references. Then the absolute cost function for judging the 

shoot-through/non-shoot-through states during daytime and 

night operation are set as 

NST 1 L1ref L1_NST

2 inref in_NST

ST 1 L1ref L1_ST

2 inref in_ST

( ) ( +2)

( ) ( +2)
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g k i i

k v v

g k i i

k v v
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
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

= ⋅


+ ⋅

-

-

-

-

      

      

                  (20) 

where k1 and k2 are the weighting coefficients of qZS inductor 

current and terminal capacitor voltage, respectively. In daytime 

operation, the weighting coefficients are k1=1 and k2=0. And 

they are k1=0.015 and k2=1 at night operation. 

To minimize the power tracking difference at a certain load 

condition, the quadratic cost function of controlling the output 

current during day and night operation of the system is set as 
22

αref α βref β( ) ( +2) ( ) ( +2)k k k kg i i i i= +- -          (21) 
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Fig. 5 shows the flowchart of the proposed control algorithm 

implementation. With the references and predictions, the gST 

and gNST are computed and compared to determine the shoot-

through state, where K2=0 and x=8. Otherwise, the cost function 

g is computed at the seven switching states of non-shoot-

through state, x={1,…, 7}. The one making the minimum value 

gopt is selected by defining x. Meanwhile, the K2=1 in this case. 

Then the switching state K2 and the optimal switching state 

Sopt=S(x), formed by [S1,…, S6] in Table I, are applied to the 

power devices. 

 
Fig. 5.  Flowchart of control strategy algorithm. 

V. SIMULATION AND EXPERIMENTAL INVESTIGATIONS 

The simulation and experimental tests are carried out on the 

built DM-ES-qZSI system to verify the proposed control 

strategy. Table II lists the system parameters. The qZS 

inductance and capacitance are chosen to limit the switching-

frequency ripple of qZS inductor currents within 20%, while 

that of qZS dc-link peak voltage within 1% [7]. The PV terminal 

capacitor is designed to buffer the switching-frequency ripple 

of PV panel voltage within 2% [8]. The 10 mH load inductance 

is applied according to available laboratory components, which 

also handles for filtering. Fig. 6 shows the experimental setup. 

The controller board is based on TMS320F28335 digital signal 

processor (DSP) to implement the proposed control method. 

The sampling time is 30 μs. A PV simulator emulates the PV 

panel characteristics. A bipolar power supply emulates the 

energy storage battery. A dc contactor is used as K1. The 

CM150DY-24A IGBT module is employed for the switch K2. 

The three-phase inverter bridge is realized by Intelligent Power 

Module (IPM) PM50RLA120. A Keysight oscilloscope is 

utilized to record waveforms. 
 

TABLE II  SYSTEM SPECIFICATIONS  

Parameter Symbols/units value 

PV max. power point voltage VPV/V 120 

PV internal resistance RPV/Ω 1.0 

PV terminal capacitor Cin/μF 100 

Battery open circuit voltage Vocv/V 48 

Battery internal resistance Rbat/Ω 1.0 

Load resistance RL/Ω 10.0 

Load inductance LL/mH 10.0 

qZS inductance L1, L2/μH 600 

qZS capacitance C1, C2/μF 470 

 

 
Fig. 6.  Experimental setup. 

A. Photovoltaic Characteristics Fluctuation in Daytime 

The sudden change of PV panel characteristics is firstly 

investigated to verify the performance of the DM-ES-qZSI PV 

system using the proposed MPC. The system operates in 

daytime, the K1 is closed, and the power demand of the load 

maintains at 500W. In simulation, the PV panel works at 

900W/m2 and 30℃ in the beginning, which is 600W maximum 

power point (MPP) power from the PV panel characteristics of 

120V MPP voltage and 5.5A MPP current in standard test 

conditions (STC). At 0.2s, it changes to 600W/m2 and 27℃, 

corresponding to 400W MPP power. Similar change is applied 

in the experiment through regulating the PV emulator. If 

ignoring the system power loss, the battery power should 

suddenly change from charging 100W to discharging 100W, to 

stabilize the fluctuation of PV power. Figs. 7 and 8 show 

simulation and experimental results, respectively. 

Set iL1ref(k) and vinref(k) for daytime/night operation, 

respectively; get iαref(k) and iβref(k) by power calculation

Calculate iL1(k+1), vin(k+1), iα(k+1), 

and iβ(k+1) by predictive model

Calculate iL1_NST(k+2) 

and vin_NST(k+2)

Calculate iL1_ST(k+2) 

and vin_ST(k+2)

gNST = k1·|iL1ref    ̶̵  iL1_NST(k+2)|

       + k2·|vinref   ̶̵  vin_NST(k+2)|

gST = k1·|iL1ref    ̵̶  iL1_ST(k+2)|

     + k2·|vinref   ̵̶  vin_ST(k+2)|

gST < gNST?

gopt=+inf; For i = 1:7

Calculate iα(k+2) and iβ(k+2) 

Evaluate cost function g(i) 

If ( g(i)≤ gopt) {gopt = g(i); x = i}

i = 7?

k2=0; x=8

START

Measure vin(k), iL1(k), vC1(k), vC2(k), etc.,

Collect ac currents to get iα(k) and iβ(k)

Yes

No

Yes No

Apply k2 and optimal switching state Sopt=S(x)

k2=1
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(a) Inductors and battery currents 

 
(b) Capacitor-Cin voltage 

 
(c) Three-phase output currents 

 
(d) System power flow 

Fig. 7.  Simulation results of photovoltaic characteristics fluctuation. 

 

 
(a) Inductors and battery currents 

 
(b) Capacitor-Cin voltage and three-phase output currents 

Fig. 8.  Experimental results of photovoltaic characteristics fluctuation. 

Figs. 7(a) and 8(a) show the current results of L1, L2, and 

battery when the PV characteristics change. It can be seen that 

the iL1 tracks the reference iL1ref accurately in steady state and 

rapidly during the step change. The battery becomes 

discharging from 0.2s with fast response. The capacitor-Cin 

voltage vin tracks MPP voltage vinref in Figs. 7 (b) and 8 (b), 

demonstrating the achieved MPPT. The three-phase output 

currents iabc in Figs. 7 (c) and 8 (b) are less affected by the 

fluctuation of PV panel characteristics, which ensures that the 

load power remains constant. Fig. 7 (d) shows the system power 

flow in the dynamic process. It can be seen that the PV power, 

load power, and battery power meet the control goals, and 

ensures the rapid and stable regulation of the system power flow. 

B. Load Power Fluctuation at Night 

Sudden change of load power during night operation is 

investigated, in order to verify the performance of the system 

operating at night or few PV power conditions. The K1 is open, 

and the battery supplies power to the load. The load power 

demand increases from 350W to 500W. Figs. 9 and 10 show 

simulation and experimental results, respectively. 

From Figs. 9(a) and 10(a), the inductor-L1 current iL1 is zero 

and the battery current is always positive to discharge in this 

case. The discharge current increases when the load power 

changes at 0.2s. In Figs. 9(c) and 10(b), it can be seen that the 

three-phase output currents iabc are continuously regulated 

during the transition process. From iL1 in Figs. 9 (a) and 10(a), 

and vin in Figs. 9(b) and 10(b), it can be seen that the controller 

well controls the two variables and ensures the stability of the 

system in fast dynamic and accurate steady-state responses. The 

simulation and experimental results demonstrate that the system 

has good dynamic performance when the load power changes 

in the night operation mode. 

 
(a) Inductors and battery currents 

 
(b) Capacitor-Cin voltage 

 
(c) Three-phase output currents 

Fig. 9.  Simulation results of load power fluctuation. 

Ch2: iL1, 5 A/div 

Ch3: iL2, 5 A/div 

Ch4: ibat, 5 A/div 

Ch1: vin, 25 V/div 

Ch2-4: iabc, 2.5 A/div 
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(a) Inductors and battery currents 

 
(b) Capacitor-Cin voltage and three-phase output currents 
Fig. 10.  Experimental results of load power fluctuation. 

C. Day and Night Operation Mode Switching 

Figs. 11 and 12 show the simulation and experimental results 

during transition between daytime operation and night 

operation. In simulation, the system operates in the daytime 

during 0.1~0.2s and 0.4~0.5s. The PV panel with 900W/m2 and 

30℃ is used as the main power source to supply the ac load and 

charge the battery to store the additional power. During 

0.2~0.4s, the system works in the night operation, the PV panel 

is cut off without any irradiance; only the battery provides 

power for the ac load. Fig. 12 shows the tested results of mode 

switching from daytime to night operation. 

From Figs. 11(a) and 12(a), it can be seen that the qZS 

inductor-L1 current follows its reference accurately in the 

steady state and fast in the mode switching. The battery current 

is consistently regulated during the transition process, without 

significant overshoot or distortion. From Fig. 11 (d), it can be 

seen that the battery power well compensates the PV power, 

besides a fast regulation within one fundamental period during 

the operating mode transition. 

From Figs. 11(b) and 12(b), the capacitor-Cin voltage vin 

tracks the MPP voltage during daytime mode, while fast and 

smooth tracking is achieved during the transition between the 

two modes. The 500W power is consistently supplied to the 

load no matter daytime mode or night mode, which can be seen 

from the unchanged load currents in Figs. 11 (c) and 12 (b).  

In addition, the steady-state operation of the system meets the 

design requirements, and the mode switching process is fast 

without high overshoot or disturbance, achieving the smooth 

switching between the dual modes, when using the proposed 

control strategy. 

 
(a) Inductors and battery currents 

 
(b) Capacitor-Cin voltage 

 
(c) Three-phase output currents 

 
(d) System power flow 

Fig. 11.  Simulation results of mode switching. 
 

 
(a) Inductors and battery currents 

 
(b) Capacitor-Cin voltage and three-phase output currents 

Fig. 12.  Experimental results of mode switching. 

Ch2: iL1, 20 A/div 

Ch4: ibat, 20 A/div 

Ch1: vin, 25 V/div 

Ch2-4: iabc, 2.5 A/div 

Ch3: iL2, 20 A/div 

Ch2: iL1, 10 A/div 

Ch3: iL2, 10 A/div 

Ch1: vin, 25 V/div 

Ch2-4: iabc, 2.5 A/div 

Ch4: ibat, 10 A/div 
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D. MPPT Investigations 

In addition, the MPPT performance is investigated for the 

DM-ES-qZSI PV power system, with 0.05s refreshing of the 

MPPT algorithm. The irradiance of PV panel increases from 

550W/m2 to 850W/m2 and 25℃ at 0.4s. Fig. 13 shows results of 

the inductor-L1 current iL1 with reference iL1ref, capacitor-Cin 

voltage vin with reference vinref, and powers of three ports. It can 

be seen that the vin tracks vinref in a fast speed and reaches MPP 

through several cycles of MPPT time horizon. The iL1 keeps 

following the iL1ref obtained from the outer capacitor voltage 

control loop. The energy storage battery well compensates the 

insufficient PV power and stores extra PV power when the PV 

panel works at MPP. 

 

 

 
Fig. 13.   The inductor-L1 current iL1, capacitor-Cin voltage vin, and powers 
of three ports when PV characteristics change from 550 to 850 W/m2. 

E. Parameters Dependence 

The peak-to-peak ripple of dc-link peak voltage is 

investigated on passive parameters variations, with the proposed 

MPC for DM-ES-qZSI PV power system. The ripple ratios are 

observed when the qZS inductance L, qZS capacitance C, and 

PV panel terminal capacitance Cin vary in the circuit, while all 

the parameters maintaining unchanged in the controller. The PV 

panel operates at the STC, and the 500W power is provided to 

the load through the PV panel and the battery in all cases.  

 

 
Fig. 14.   Parameters dependence investigation of the proposed MPC 
for DM-ES-qZSI PV power system. 

From Fig. 14, it can be seen that the variations of qZS 

inductance L and PV panel terminal capacitance Cin have little 

effects on the dc-link voltage ripple, while that of qZS 

capacitance are dominant. In addition, the ripple ratio is still 

within 1.5% even when all the L, C, and Cin changes between ±
50% of nominal values. That demonstrates the low sensitivity to 

variations in inductors and capacitors values of proposed method. 

VI. CONCLUSION 

An MPC strategy was proposed for the DM-ES-qZSI PV 

power system, in order to enhance the performance for day and 

night operation. The operating principle of DM-ES-qZSI was 

analyzed, and the system predictive models were established 

coordinating different characteristics of the two modes. The 

control targets were determined, and the control strategy based 

on MPC was disclosed through a single control loop. Finally, 

simulation and experimental tests were carried out on PV panel 

characteristics fluctuation in daytime, load power fluctuation at 

night, and mode switching between the two modes. The MPPT 

algorithm and parameters dependence were also investigated. 

The results demonstrated that the control strategy was simple to 

achieve multivariable cooperative control, and the system had 

fast dynamic responses, accurate tracking, and low sensitivity 

to parameter variations, as well as smooth mode transition using 

the proposed control. 
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