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Abstract

A zero-inertia micro-grid is a power system consisting of multiple renewable energy power sources and energy storage systems 

without the presence of conventional synchronous generators. In such a system, a large variation of the load or source sides during 

the islanded mode of operation extremely degrades the micro-grid's voltage and frequency stability. This study presents a virtual 

inertia-based predictive control strategy for a small-scale zero-inertia multiple distributed generators (DGs) micro-grid. In islanded 

mode, Voltage Model Predictive Control (VMPC) was implemented to control and maintain the voltage and frequency of the micro-grid. 

However, instabilities in frequency and voltage may rise at the Point of Common Coupling (PCC) due to large variations at both source 

and load sides. Therefore, the proposed virtual inertia loop calculates the amount of active power to be delivered or absorbed by each 

DG,	and	its	effect	is	reflected	in	the	estimated	d current component of the VMPC, thus providing better frequency regulation. In grid-

connected	mode,	Direct	Power	Model	Predictive	Control	(DPMPC)	was	implemented	to	manage	the	power	flow	between	each	DG	and	

the utility grid. The control approach also enables the DG plug and play characteristics. The performance of the control strategy was 

investigated	and	verified	using	the	PSCAD/EMTDC	software	platform.
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1 Introduction
Due to rising environmental issues as well as the deple-
tion of conventional sources such as coal, oil products, 
and Uranium, conventional power generation plants are 
being replaced by clean energy sources [1]. Wind and 
solar are the most used renewable energy sources to pro-
duce electricity. However, they are stochastic in nature 
and their integration into the utility grid needs special 
care at both hardware and software levels [2]. The con-
cept of micro-grid facilitates the idea of renewable energy 
sources integration to the utility grid. It consists of sev-
eral distributed generation (DG) units working together, 
and the total collected power is either integrated into the 
utility grid or fed to the loads directly [3]. Flexible micro-
grid operation requires sophisticated control topologies. 
In grid-connected mode, the voltage and frequency sup-
port is generally provided by the utility grid. Therefore, 
the output active and reactive powers of each DG within 
the micro-grid can be controlled. In contrast, the volt-
age, frequency, and power-sharing capability of each DG 

have to be managed during islanded mode operation either 
in a centralized or decentralized manner, so the control 
topology becomes more complex. Moreover, as a stand-
alone system without the utility grid support and unlike 
synchronous generators, renewable energy sources such 
as PV and wind add no inertia to the Point of Common 
Coupling (PCC) since they are interfaced to the system 
through Voltage Source Inverters (VSIs). Thus, the iner-
tia of the islanded mode micro-grid is very small and any 
large changes in the load or source can impose a great 
threat to the micro-grid’s voltage and frequency stability.

Micro-grid control can be divided into three levels pri-
mary, secondary, and tertiary control [4]. The primary 
control consists of two control stages (i.e., the first and 
second stages). The first stage, which is called VSI out-
put control, regulates the output active and reactive pow-
ers of each DG in grid-connected mode while it regulates 
the output voltage and frequency of each DG in islanded 
mode. However, the first stage control is not capable of 
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stabilizing the voltage and frequency of the entire micro-
grid that consists of multiple DGs in islanded mode. 
Therefore, the second stage of the primary control ensures 
proper power-sharing among the DGs within the micro-
grid as well as stabilizes the micro-grid system's voltage 
and frequency. It can be categorized if the procedure is 
based on a) communication link or b) without communica-
tion link (i.e., droop-based) [5]. The methods that incorpo-
rate communication links include centralized control [6], 
distributed control [7], master-slave control [8], and angle 
droop control [9]. With several limitations such as the sto-
chastic nature of the power source and constraint on the 
physical location of each DG unit, communication-less 
topologies are preferred over such topologies where the 
communication link is required. Several such methods 
without communication links include P-F/Q-U droop con-
trol [10], P-U/Q-F droop control [11], and virtual frame 
transformation-based methods [12].

Different control methods have been reported as the pri-
mary control, and the most simple and practical method is 
proportional integral and derivative (PID) control [13–15]. 
PID control is easy to design, tune, and implement. However, 
classical control suffers from performance degradation 
when the system is coupled such as micro-grid and it is also 
being subjected to disturbances. Such types of classical con-
trol methods have been reported in [16–20] for the primary 
loop control of multiple DG micro-grid. A virtual-flux-based 
control method without the requirement of the communica-
tion link is reported [21], where power-sharing is achieved 
using the flux amplitude and phase. All the reported meth-
ods in the above literature do not take into consideration the 
effect of virtual inertia and stability issues of a micro-grid 
with large variations at source and load sides. Several vir-
tual inertia-based control methods have been reported for 
the islanded operation of a micro-grid that includes the fre-
quency stability control of two-stage PV inverters based 
micro-grid [22], a virtual inertia scheme considering the 
communication delays of the link [23], a predictive control-
ler based on virtual inertia concepts in [24], and a robust vir-
tual inertia control method in [25].

As a promising control strategy, Model Predictive Control 
(MPC) has been widely applied in applications that include 
VSIs, active front end rectifiers, neutral point-clamped 
multilevel converters, and matrix converters [26–28].  
These works illustrate that by using MPC there is no need 
for tuning parameters as compared to conventional PI con-
trol. In addition, unlike the PI controller, MPC generates 
the switching signals internally without the need for any 

pulse width modulation (PWM) generators. The works 
also show that MPC is able to decouple variables and pro-
vide better responses compared to the PI control approach. 
Finally, multiple control objectives and constraints can be 
included in the control action at the same time which can-
not be achieved by PI control. The main idea of MPC is the 
use of a system model to predict the future values of the 
controlled variables. A cost function is then used to deter-
mine the optimal future value by minimizing the error 
between the reference and predicted values. In [24] a vir-
tual inertia-based control scheme is proposed however the 
virtual inertia is compensated locally.

Based on the above literature review, this paper pro-
poses a centralized virtual inertia-based Model Predictive 
Control scheme for small-scale zero-inertia multiple DG 
micro-grid. The main contribution of this research work 
includes the following: 

1. The grid-connected mode control is capable of man-
aging the output power of each DG and enables flexi-
ble power regulation between the micro-grid and the 
utility grid. 

2. Islanded mode control is capable of maintaining 
micro-grid voltage and frequency, and improving 
the micro-grid stability by the synthetic virtual iner-
tia support. Also, providing a precise power-sharing 
scheme among DGs. 

3. Adjustment of the power-sharing among the DGs at 
any time during islanded mode operation. 

4. Plug and play DG operation. 

The rest of the paper is organized as follows. Section 2 
explains the system description, Section 3 describes the 
system modeling and control strategies, Section 4 dis-
cusses the results, and finally, the conclusion is made in 
Section 5.

2 System description
The micro-grid system structure considered in this work 
for implementing the proposed MPC of both grid-con-
nected and islanded modes of operation is shown in Fig. 1. 
The micro-grid consists of two feeders and energy stor-
age systems. Each feeder represents a distributed gen-
erator system. The DG system is interfaced to the point 
of common coupling (PCC) via a three-phase two-level 
inverter with an LC filter. A resistor is connected in series 
with the capacitor filter to damp the transient oscillations 
of the filter [29]. A utility grid is connected to the point 
of common coupling through a static switch to disconnect 
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the micro-grid in case of a stand-alone operation. A three-
phase RL electrical load is connected to the PCC to pres-
ent a regular micro-grid load. The scope of this paper is 
to control the DC-AC inverters' output of DG1 and DG2. 
Therefore, the Direct Power Model Predictive Control 
(DPMPC) is implemented to control the active and reactive 
powers of each DG in grid-connected mode while Voltage 
Model Predictive Control (VMPC) with supported virtual 
inertia is implemented in islanded mode to maintain the 
voltage and frequency stability of the micro-grid. Knowing 
that the proposed control strategy can be implemented for 
micro-grids with more than two DGs. The system model, 
DPMPC, and VMPC design are discussed in Section 3.

3 System models and controllers design
The system model and controllers in this work are 
designed and implemented in αβ frame. The component 
of abc frame is transferred to αβ frame using Clarke's 
transformation 
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whereby a three-phase component 
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is transferred to αβ as 

u U wt� � � �cos  (5)

u U wt� � � �sin .  (6)

3.1 Active and reactive power control in grid-connected 
mode
The micro-grid operates in grid-connected mode when 
the static switch Fig. 1 is closed. Since the utility grid is 
stiff, the micro-grid voltage and frequency are enforced by 
the utility grid. Therefore, the output active and reactive 
power of a DG can be controlled. DPMPC is implemented 
to enable flexible power regulation between the micro-grid 
and utility grid. Fig. 2 shows the diagram of the DPMPC 
implemented in the grid-connected mode of the micro-
grid operation. The system model of Fig. 1, in this case, 
is derived as [30] 

i i ixi ci oi� �  (7)

v v L
di
dt

i Rxi PCC xi
xi

xi xi� � � ,  (8)

where the notation i represents the components of DGi . 
The ix is the output current of the inverter, ic is the capac-
itor current, and io is the output current of the DG sys-
tem flow to the PCC. The vPCC is the voltage at the point 
of common coupling. The vx is the output voltage of the 
three-phase two-level inverter. Using MPC, the value of vx 
is determined by the means of Space Cector Modulation 
(SVM) which is shown in Table 1. The three-phase two-
level inverter consists of six switches with two switches 
in each leg. The gating signals of the upper switches are 
controlled by S1 , S2 , and S3 while the lower switches are 
controlled inversely.

Fig. 1 Studied micro-grid system
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The active and reactive power exchange between DGi 
and utility grid is obtained as 
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The derivatives of active and reactive power with 
respect to time t are obtained from Eq. (9) as 
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and considering a balanced sinusoidal line voltage [31] 
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,

,
,

�
���  (13)

where ω is the angular frequency of the voltage at the PCC. 
Substituting Eq. (12), Eq. (13), and Eq. (8) into Eq. (10) and 
Eq. (11) yield 

Table 1 Space vector modulation of three-phase two-level inverter

Mode S1 S2 S3 vx

0 0 0 0 0

1 0 0 1 2

3
0Vdc∠

2 0 1 1 2

3
60Vdc∠

3 0 1 0 2

3
120Vdc∠

4 1 1 0 2

3
180Vdc∠

5 1 0 0 2

3
240Vdc∠

6 1 0 1 2

3
300Vdc∠

7 1 1 1 0

Fig. 2 DPMPC in grid-connected
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The discrete-time of a differential equation can be 
obtained using the Euler forward method to approximate 
the derivative [32] 

du
dt

u k u k
Ts
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,  (16)

where u(k) and u(k + 1) are the present and predicted future 
values of the component u, respectively. Ts is the sampling 
time. The discrete-time of Pi and Qi are obtained by apply-
ing Eq. (16) into Eq. (14) and Eq. (15) 
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In each sampling time, DPMPC predicts eight values 
of Pi(k + 1) and Qi(k + 1) by evaluating each voltage vec-
tor Table 1 of vx in Eq. (17) and Eq. (18). In order to deter-
mine the optimal voltage vector that produces the least error 
between the reference and predicted values, a cost function 
Eq. (19) is used. The reference active and reactive powers 
values are generated by an Energy Management System 
(EMS) and fed to the DPMPC controller Fig. 2. Once the 
optimal voltage vector is determined for each DG, switch-
ing signals ( S1 – S6 ) are generated by the controllers and sent 
to the DGs. The control process steps are shown in Fig. 3.

J
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3.2 Voltage and frequency control and power-sharing 
in islanded mode
When the static switch Fig. 1 is open, the micro-grid 
operates as a stand-alone system. Unlike the grid-con-
nected mode, voltage and frequency must be maintained 
in islanded mode to ensure the stability of the micro-
grid operation system. VMPC in Fig. 4 is used to control 
the voltage and frequency of the micro-grid and enable 
a proper power-sharing between the DGs in the micro-grid. 
The system model in the islanded mode is obtained as [33] 

Fig. 3 DPMPC flowchart



168|Babqi
Period. Polytech. Elec. Eng. Comp. Sci., 66(2), pp. 163–173, 2022

v v L
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where iL is the load current. Equations (20) and (21) can be 
rearranged as 

di
dt L

v v i Rxi
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PCC
 (22)
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dt C C

i i ix x L
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1 2
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Using Eq. (16), the discrete-time equations of Eqs. (22) 
and (23) are obtained as 
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The cost function Eq. (26) has two control objectives. 
The first objective, which is the first term, is voltage 
tracking. The second objective is to enable appropriate 

power-sharing among the DGs [33]. Similar to DPMPC, 
VMPC predicts eight values of vPCC(k + 1). Therefore, the 
cost function is used to determine the optimal value of vx 
which results in the lowest error between the reference and 
predicted voltage values. Moreover, the cost function reg-
ulates the output power of each DG by adjusting the ratio 
values ζ1 and ζ2 of DG1 and DG2 output currents. Note that 
the multiplication of ζ1 and ζ2 must equal unity. Since the 
power-sharing term is considered as constraints in the cost 
function, weighting factors Wv and Wi are used [34]. 

J W v k v k
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�� i kx

 

(26)

3.3 Virtual inertia loop implementation
The control technique VMPC presented in the previous 
section is capable of maintaining the micro-grid's volt-
age and frequency in islanded mode during normal opera-
tion as well as in the cases of small changes in the load or 
source side. However, in situations where there is a large 
change in the load or source side, the micro-grid's volt-
age and frequency may not be stable due to the inertia 
absence especially in the zero-inertia micro-grid which 
does not include the conventional synchronous generators. 

Fig. 4 VMPC in islanded mode
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Therefore, to enhance the VMPC performance and main-
tain the micro-grid stability during islanded mode opera-
tion, a synthetic inertial loop is included in the controller. 
Fig. 5 shows the integration of the virtual inertia control 
loop to the VMPC. As it is known that using the d-q refer-
ence frame, the active power specifically depends on the 
current d component. Therefore, since VMPC is imple-
mented in the αβ frame in this work, the estimated cur-
rents of Eq. (24) are transformed to the d-q reference 
frame, and then the inertial component of the current is 
calculated from the inertia loop is added to the d compo-
nent of the estimated currents. Finally, the d-q currents are 
transformed to αβ frames, and they are used for predict-
ing the voltage at PCC Eq. (25). For testing purposes, both 
DGs contribute equal active power for enhancing the vir-
tual inertia of the PCC. Fig. 6 shows the VMPC algorithm 
flowchart including the synthetic inertial loop.

4 Simulation results and performance evaluation
The proposed micro-grid of Fig. 1 was simulated using 
PSCAD/EMTDC. DPMPC and VMPC controllers were 
coded using FORTRAN and implemented in PSCAD 
with a sampling frequency of 25 kHz. Since the MPC 
switching frequency is variable, the maximum average 
switching frequencies of both DPMPC and VMPC were 
set to 4 kHz and 4.5 kHz, respectively. The parameters 
of the studied micro-grid system are shown in Table 2. 
Several case studies are carried out to investigate the per-
formance of the proposed control strategies. The control 
parameters of the virtual inertia loop are chosen as fol-
lows: Kp = 0.005 and Ki = 0.07.

4.1 Active and reactive power regulation in grid-
connected mode
This case study examines the robustness of the proposed 
DPMPC controller to allow flexible power regulation in 
grid-connected mode. Both active and reactive power 
components of each DG can be regulated, so any change 
in the load will be compensated by the utility grid unless 
the power reference points are changed. Fig. 7 shows the 
instantaneous and reference active and reactive powers 
values where they are represented as solid and dashed 
lines, respectively.

To examine the proposed controller a step change 
of 4 kW was applied to DG1's active power ( PDG1 ) at 
t = 0.2 s, it can be seen from Fig. 7 that the active power 
is controlled independently by following its new reference 
level in less than 0.1 s. Moreover, to verify the robustness 
of the controller, the reactive power of DG2 is reset from 
2 kVar to 9 kVar at t = 0.5 s. As shown in Fig. 7, QDG2 set 
point is achieved at t = 0.6 s. It is clear from the presented 
results in Fig. 7 that the controller is robust to decouple 
both active and reactive power smoothly during grid-con-
nected micro-grid operation.

4.2 Voltage and frequency regulation in islanded mode
In this case study, the system was reconfigured to ver-
ify the proposed VMPC system capability in regulating 
the system voltage and frequency by controlling the out-
put voltage and frequency of each DG in islanded mode. 
Moreover, both active and reactive powers were decoupled 
as required by the load. Despite grid-connected mode, in 
islanded mode, DGs must respond to support the system 

Fig. 5 Synthetic inertia loop
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requirements during any load changing. Fig. 8 shows the 
system response including the delivered active and reac-
tive power of both DGs in the islanded mode. It can be 
seen in Fig. 8 that more load of 32 kW and 15 kVar is 
connected to the system at t = 0.3 s. Each DG response 
to the load increase by delivering (16 kW and 7.5 kVar) 
the required active and reactive power. Furthermore, the 
load decreases at t = 0.6 s, and it can be seen that each 

DG adjusted its output by reducing the output active and 
reactive powers to be matched with the new load value. 
The results show the efficient response of the control sys-
tem to compensate for both active and reactive power and 
maintain the system frequency and voltage within the 
safety margin.

4.3 Plug-and-play operation
Plug-and-play operation is applied in this scenario to show 
the capability of the control system, as shown in Fig. 9 
DG2 is isolated at t = 0.5 s, DG1 compensates the sys-
tem during the outage of DG2 . After 0.4 s DG2 is recon-
nected to the service without any disturbances to the sys-
tem. The voltage and frequency of the system remain at 
the same level without any deviation during these distur-
bances as can be seen in Fig. 9.

Table 2 Studied micro-grid system parameters

Parameter Symbol Value

DC-link Voltage Vdc1 , Vdc2 1 kV

DG1 Power Rating SDG1 50 kVA

DG2 Power Rating SDG2 40 kVA

Rated Frequency frated 60 Hz

Filter Inductance Lx1 , Lx2 3 mH

ESR of Lx Rx1 , Rx2 0.02 Ω

Filter Capacitor C1 , C2 20 μF

Damping Resistance Rc1 , Rc2 0.8 Ω

Utility Grid Voltage Vg 380 VLL,RMS

Grid Parameters Rg , Lg 0.002 Ω, 15 μH

Fig. 7 Active and reactive powers of the two DGs  
during grid-connected mode

Fig. 8 System response to load change in islanded mode

Fig. 6 VMPC flowchart with synthetic inertia loop
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4.4 Power-sharing among DGs in islanded mode
This case study is carried out to present the capability 
of the proposed method to enable precise power-sharing 
among the DGs in the islanded mode. It can be seen in 
Fig. 10, in the beginning, the ratio factors of ζ1 and ζ2 are 
set to (1:1). Then the ratio factors are changed to (2:0.5) at 
t = 0.4 s. After that at t = 0.6 s, the ratio factors are reset 
again to (0.25:4). The presented results show that each DG 

adjusts its output active and reactive power to meet the 
new set of the current ratio, and maintain the system volt-
age and frequency without any fluctuations.

4.5 Virtual inertia contribution by DGs
This case study verifies the capability of the proposed con-
trol method for the addition of virtual inertia to the PCC, 
thus enhancing the frequency stability of the micro-grid in 
the islanded mode of operation. Figs. 11 and 12 show the 
PCC frequency stability with and without the inertia loop. 
It is obvious from Fig. 11, that the PCC frequency nadir 
reaches 55 Hz when the load active power is changed from 
approximately 8 kW to 19 kW without virtual inertia sup-
port, while it is limited to 58.8 Hz with virtual inertia sup-
port. The corresponding reference id virtual inertia current 
component by virtual inertia loop controller is also shown 

Fig. 9 Plug-and-play of DGs operation in islanded mode

Fig. 10 System response to current ratios changes in islanded mode

Fig. 11 System response to large load step change in islanded mode

Fig. 12 Zoom version of Fig. 11
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