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Abstract

To ensure the synchronization process in a hybrid PV-Diesel generation system

parallel topology, a phase-locked loop is generally used to estimate the angular

frequency of the point of common coupling. However, the DG rotor inaccessibil-

ity imposes its operation mode as a master. This will therefore affect the system

overall stability since the phase-locked loop is affected by oscillations, which are

predicted by the power-angle curve concept interacting with the DG rotary iner-

tia. In this context, this paper proposes a new control strategy based on virtual

synchronous generators for a stand-alone PV-Diesel hybrid generation system to

synchronize the output voltages without a phase-locked loop, while correcting

the diesel generator rotor initial position and ensuring power sharing between

the two sources, according to a desired power ratio. To prove the effectiveness of

the proposed control strategy, simulation and experiments are carried out. The

achieved results clearly illustrated the feasibility and the improvement brought

by the proposed virtual synchronous generators-based control strategy.

Keywords: Hybrid generation system, virtual synchronous generator, voltage

synchronization, power sharing.
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List of Symbols

PVG-DG PV Generator-Diesel Generator

RES Renewable Energy Sources

VSG Virtual Synchronous Generators

PLL Phase-Locked Loop5

PCC Point of Common Coupling

AVR Automatic Voltage Regulation

VEV Virtual Excitation Voltage

PI Proportional Integral

MPPT Maximum Power Point Tracking10

Tm(Te) Mechanical (electromagnetic) torque

Pm(Pe) Mechanical (electromagnetic) power

E0 Stator winding emf

ω Electrical angular speed

ωN Rated electrical angular speed15

ωm Mechanical speed

J Rotational inertia

θ Electrical angle

Iph Photocurrent

I0 Diode saturation current20

q Coulomb constant

k Boltzmann constant
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G Global insulation

SOC State of Charge

SOC0 Initial State of Charge25

1. Introduction

Various hybrid power generation systems based on diesel generators have

been used widely in several applications. The integration of renewable energy

sources (RES) such as PV and wind into this type of hybrid energy system have

been a focal point, while the synchronization process of these hybrid systems,30

connected to the main utility grid through Voltage Source Inverter (VSI), has

been indexed as one of the major stability issue.

To ensure the synchronization process a phase-locked loop (PLL) is generally

used to estimate the angular frequency of the point of common coupling (PCC).

However, the DG rotor inaccessibility imposes a slave operation mode of the VSI35

and a master operation mode of the DG as illustrated by Fig. 1.

Since a stand-alone microgrid with a small system inertia is vulnerable to

the output power fluctuations of intermittent renewable generation systems [1],

the DG master operation mode entails the following drawbacks:

• The PLL stability is affected by the DG transients [2].40

• Oscillations appearance during the sources synchronization. These oscil-

lations are predicted from the power-angle curve concept interacting with

the DG rotary inertia. This will therefore affect the overall system stabil-

ity [3].

In this context, this paper proposes a new control strategy based on Virtual45

Synchronous Generators (VSG) for a hybrid PVG-DG power system in a stand-

alone context. This control concept consists in emulating the VSI operation by

a synchronous machine. This makes it possible to ensure synchronization at

PCC without using a PLL [4] and limits the above-mentioned drawbacks [5].
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In the literature, the VSG concept was proposed and studied by many re-50

searchers quite recently [6]. Main research works were mainly focused towards

its application and the stability analysis [7], [8], [9]. The VSG concept has

been well investigated with different practical implementations [10], [11], [12].

Majority of the carried out investigations were focused on the implementation of

the VSG concept for parallel VSIs in microgrids and dealing with the transition55

between grid-connected to islanded modes [7], [13], [14]. In [7], an enhanced

VSG control without PLL was proposed for multiple parallel inverters and an

accurate small-signal model of the multiple parallel VSGs system was derived for

system analysis and parameter design. In the same context, a very interesting

review of active and reactive power sharing strategies in hierarchical controlled60

microgrids has been presented in [15] and an active and reactive power sharing

control strategy for VSGs in microgrid in [16]. In [17], an enhanced VSG control

is proposed, where oscillations damping and proper transient active power shar-

ing are achieved by adjusting the virtual stator reactance based on a state-space

analysis. In [13], it is proposed a power decoupling method based on a decou-65

pling matrix in the VSG control unit. This method is based on the linearized

power transfer model. In [18], it was proposed an improved dual droop control

(for the VSI and the DC side energy storages) to ensure the VSG functions and

to achieve power management.

To achieve higher stability in a microgrid including a small DG, a master70

operating mode is required for the VSI. However and as it was previously dis-

cussed, the access to the DG rotor and its initial position, present a challenging

task to impose a slave mode for the DG. To address this issue, this paper pro-

poses a new control strategy based on VSG for a hybrid PVG-DG power system

including an Energy Storage System (ESS) in a stand-alone context, to synchro-75

nize the output voltages without a PLL, while correcting the diesel generator

rotor initial position and also the ensuring power sharing between the two power

sources according to a desired power ratio. It should be mentioned here that

the stability issue is not addressed in this paper as the considered micro grid is

not subject to disturbances inducing high oscillations [19], [20].80
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Figure 2: Proposed synchronization Process without PLL

The paper is organized as follows: The system structure and modeling is

described in Section 2. In Section 3, the principle of the proposed synchro-

nization method and power sharing control is presented. Simulation results

are presented in Section 4, while the experimental ones are given in Section 5.

Section 6 concludes the paper.85
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2. System Structure and Modeling

Figure 2, shows the structure of the parallel hybrid PVG-DG power system

using VSG control. The PVG is connected to the DC bus through a boost

converter controlled by an MPPT Perturb and Observ (P&O) strategy. The DG

is connected to the AC bus and the energy storage system (ESS) is designed for90

regulating the DC bus voltage in order to supply or absorb insufficient/surplus

power generated by PVG and/or DG. The AC bus of the studied system, can

be simplified as described in Fig. 3. It consists in connecting in parallel two

synchronous generators, a real synchronous generator (RSG), which represents

the (DG), and a virtual synchronous generator (VSG)(DG), which represents95

the VSI associated to the PVG, and ESS sources.
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Figure 3: (a) DG block diagram, (b) VSI block diagram.

2.1. Real Synchronous Generator Model

In Fig. 3a, the DG model is illustrated in a block diagram form. This model

is widely used and well-describes the dynamic behavior of small DG sets [21].

The valve actuator and the diesel engine are represented by first-order lags, with100

time constants Tv and Td , respectively. In this model, the mechanical input of
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the synchronous generator is the PI controller output. The relationship between

the electromagnetic torque Tm and the angular velocity ωm of the DG rotor can

be expressed by Eq. (1), where J is the combined moment of inertia of the diesel

engine and the synchronous generator.105

J
dωm
dt

= Tm − Te (1)

It can be noted from Eq. (1) that the system frequency depends on the DG

rotational speed and its variation is inversely proportional to the system inertia

J . This highlight the fact that DGs with small inertias are vulnerable to load

changes as discussed in the Introduction Section [22].

The nominal output voltages of SG are maintained constant by an Automatic110

Voltage Regulation (AVR) system [21]Ṫhe SG and AVR models are referred in

the mathworks toolbox user guide.

2.2. Virtual Synchronous Generator Model

According to the VSG principle, the PVG and the ESS can be equivalent

to a prime mover (Fig. 3), and the classical three-phase voltage-source inverter115

VSI will operate as a synchronous generator. In this case, the relevant con-

trol strategies and theoretical analysis of a real synchronous generator can be

effectively transferred into the studied microgrid [23].

Similarly, the second-order model is a typical one for a VSI [24], [25]. As

shown in Fig. 3b, to emulate the DG diesel engine and the AVR system, a virtual120

governor and a virtual excitation system are respectively used. The mechanical

and the electrical parts of VSI are described by the following equations system

[5], [10], [12]:


Tm − Te −D∆ω = Pm

ω −
Pe

ω −D∆ω = J dωdt

ω = dθ
dt ,∆ω = ω − ωB

E0 = Us + I(ra + jxs)

(2)

Where Tm and Te are the mechanical torque of the synchronous generator

rotor shaft input from a prime mover and the stator electromagnetic torque,125
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Figure 4: VSI topology.

respectively; D is the damping coefficient used to represent the prime mover

damping characteristics; ω is the actual electrical angular velocity and ωB is

rated one. With the assumption of a pole pairs number of 1, mechanical angular

velocity ωm = ω; Pm and Pe are the mechanical power and electromagnetic

power, respectively; J and θ are the rotational inertia and electrical angle,130

respectively; E0 is the three-phase stator winding emf ; US and I are the stator

voltage and current, respectively, and ra and xs are respectively the armature

resistance and synchronous reactance.

2.2.1. VSI Model

The schematic diagram of a three-phase voltage source inverter VSI is shown135

in Fig. 4. It comprises a voltage source at its input and a current source at its

output. The connection between these two sources is periodically done through

bidirectional current switches.

Assuming that Fij represents the connection function for each switch (Kij): Fij = 1→ if : Ki1 = 1

Fij = 0→ if : Ki1 = 0
(3)
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Thus, the output voltages of VSI, can be expressed in the following matrix form:140


Van

Vbn

Vcn

 =
1

3
Vdc


2 −1 −1

−1 2 −1

−1 −1 2



F11

F21

F31

 (4)

2.2.2. PVG Model

The photovoltaic cell is the main part of a PV system. A single-diode model

can be used to simulate silicon photovoltaic cells (Fig. 5(a)). A photovoltaic cell

is a nonlinear device, which can be modeled by a current source generating the

photo current Iph, a diode, a series-resistance taking into account the internal145

resistance RS , and a parallel resistance RP representing the leakage current [26].

Icel = Iph − I0
(
e

(
Vpv+RsI

aVT

)
− 1

)
−
(
Vpv +RsI

RP

)
(5)

With the thermal potential s given by:

VT =
nskT

q
(6)

Where Icel and Vpv are the output current and voltage of the PV cell, respec-

tively, I0 is the reverse saturation current, a is the ideality factor, T is the PV

temperature (K) and k is the Boltzmann constant [2].150

For a PVG containing ns and np panels in series and in parallel, respectively,

the output current IPV G is given by:

IPV G = npIph − npI0
(
e

(
Vpv+RsGI

ansVT

)
− 1

)
− Vpv +RsGIpv

RpG
(7)

Where:  RsG = nsRs

np

RsP =
nsRp

np

(8)

2.2.3. ESS Model

For energy conversion, a simple modeling approach has been adopted for the

batteries of ESS [27]. In this model, the battery equivalent circuit is illustrated155
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Figure 5: a) PVG model. b) ESS model.

by Fig. 5(b) , where the battery voltage is given by:

Vbat = E0 −Rbati− VCbat
(9)

The battery state of charge (SOC) is given by [1],[15][16]:

SOC (t) = SOC (0)− 1

Cbat

t

∫
0
i (t) dt (10)

3. Proposed Synchronisation Process and Power Sharing Method

When the VSI and the DG are interconnected, the stator voltages and cur-

rents of the real and virtual generators must have the same frequency and the160

rotor mechanical speed of each is synchronized to this frequency. Therefore,

interconnected synchronous generators rotors must be in synchronism.

3.1. Synchronisation Process

Figure 6 shows the equivalent circuit and the phasor diagram of the inter-

connected synchronous generators before synchronization, where VV SI and VDG165

represent the VSI and DG output voltage amplitudes, respectively. V1 and V2

are the virtual and real electromotive force, respectively; (δ1, δ2) are the phase

angles difference between (V1, VV SI) , and (V2, VDG), respectively. δ0 is the

phase-shift between VV SI , VDG; α is the rotor initial phase of the DG; (x1, r1)
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Figure 6: Simplified connection of the two sources before synchronization: a) Equiva-

lent circuit. b) Phasor diagram.

are the VSI filter reactance and resistance, respectively; and (x2, r2) are the DG170

stator reactance and resistance, respectively.

To ensure the two sources synchronization, the two output voltages VV SI

and VDG, must be superimposed thus imposing a zero phase-shift δ0 = 0.

From the phasor diagram in Fig. 6(b), it is clear that under no-load oper-

ation, the synchronism (δ0 = 0) can be ensured only by the correction of the175

rotor initial position (α). In this mode, the correction of α is determined in

relation to (x1, r1) and (x2, r2), as it will be latter detailed.

The active and reactive powers of the VSI and DG can be written as fol-
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lows [16], [28]:

 PV SI = V1

(r1)2+(x1)2 (r1(V1 − VV SIcosδ1) + x1VV SIsinδ1))

QV SI = V1

(r1)2+(x1)2 (−r1VV SIsinδ1 + x1(V1 − VV SIcosδ1))
(11)

 PDG = V2

(r2)2+(x2)2 (r2(V2 − VDGcosδ2) + x2VDGsinδ2))

QDG = V2

(r2)2+(x2)2 (−r2VDGsinδ2 + x2(V2 − VDGcosδ2))
(12)

To ensure the two sources synchronization under loaded operation, a zero180

phase-shift (δ0 = 0) must be imposed via the correction of the rotor initial posi-

tion (αi 6= 0), which is determined according to the desired power ratio between

the two sources (Ri).

Figure 7 shows the equivalent circuit and the phasor diagram under load

operation, of the interconnected synchronous generators after synchronization,185

where the two output voltages VV SI and VDG are superimposed (V = VV SI=VDG).

From Eqs.(11) and (12), the active and reactive powers that the VSI and

DG will deliver to the PCC under load operation can be rewritten as follows:

 PV SI = V1

(r1)2+(x1)2 (r1(V1 − V cosδ1) + x1V sinδ1))

QV SI = V1

(r1)2+(x1)2 (−r1V sinδ1 + x1(V1 − V cosδ1))
(13)

 PDG = V2

(r2)2+(x2)2 (r2(V2 − V cosδ2) + x2V sinδ2))

QDG = V2

(r2)2+(x2)2 (−r2V sinδ2 + x2(V2 − V cosδ2))
(14)

Note here that, since the two sources are directly connected to the PCC, the

lines impedances rL1,xL1 and rL2 xL2 after the (PCC) are included in Pload and190

Qload.

In this paper, the P/f and Q/V droop control strategies will be discussed

for the considered hybrid PVG-DG-ESS system, under the assumption that

the line impedance is approximately inductive. This assumption is based on

the fact that the line impedance of the virtual and real stators winding is ap-

proximately inductive. Indeed, the resistive part of each stator winding can

be neglected compared to the inductive one and the power angles δ1 and δ2

in such lines are small. It can then be assumed that: sin δ1 = δ1, sin δ2 = δ2
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Figure 7: Simplified connection of the two sources after synchronization: a) Equivalent

circuit. b) Phasor diagram.

and (cos δ1 = cos δ2 = 1). In addition, when the two sources are synchronized

at PCC (Fig. 7(b)), we have: δ2 = δ1 + α

VV SI = VDG = V
(15)

Therefore allowing rewriting Eqs.(13) and (14) as:

 PV SI = V1V δ1
x1

QV SI = V1(V1−V )
x1

(16)
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 PDG = V2V (δ1+α)
x2

QDG = V2(V2−V )
x2

(17)

The following power ratio can therefore be deduced. RP = PV SI

PDG
= V1x2

V2x1

δ1
δ1+α

RQ = QV SI

QDG
= x2

x1

V1

V2

V1−V
V2−V

(18)

Where, RP and RQ are the desired active and reactive power ratios between

the two sources, respectively. These relations show that it is possible to ensure

the synchronization between the two energy sources by a judicious control of195

the active and reactive power delivered by the VSI . It particularly highlights a

very interesting method to correct the rotor initial position α of the DG, since

the exchanged active and reactive powers can be fixed beforehand through the

control. Indeed, the initial angle of the DG rotor can be expressed as follows:

α = δ1

(
V1

V2

x2

x1

1

RP
− 1

)
(19)

This angle, which can be fixed beforehand mainly according to the VSI200

power angle δ1, the ratio between the reactances of the real and the virtual

stator winding x2

x1
, the desired active power ratio RP and the ratio between the

virtual and real electromotive force (V1

V2
) which is corresponding to the desired

reactive power ratio RQ. Indeed, Eq. 19 can be expressed as a function of RP

and RQ as follows:205

α = δ1

(
RQ
RP

.
V2 − V
V1 − V

− 1

)
(20)

This relation gives rise to two distinguished correction of the rotor initial

position:

• When the active and reactive power ratios between the two sources are the

same RP = RQ. In this case the desired power ratio is (R = RP = RQ)

and whatever its value, a zero angle of the rotor initial position must be210

imposed (α = 0).
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• When the active and reactive power ratios between the two sources are

different RP 6= RQ. In this case, for each value of (RP , RQ), a phase-

shift between the two sources must be imposed through the rotor initial

position (αpq 6= 0).215

It is clear from Eq.(20), that unlike the first case, the second case corre-

sponding to (RP 6= RQ), requires a prior identification of the value of δ1, to

impose a rotor initial position (αpq 6= 0).

3.2. VSG-based Control Strategy

To properly share the active and reactive powers between the two sources,220

the desired power ratios RP and RQ should be equally designed, as it has been

above-discussed. Therefore, the proposed VSG-based control scheme, shown

in Fig. 8, can be subdivided on in six control parts: Power calculation, Vir-

tual inertia, Virtual Governor, Virtual excitation system, References voltages

generation and DG rotor initial position correction.225
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Figure 8: proposed VSG-based control scheme.

3.2.1. Power Calculation

Equations describing the instantaneous active and reactive powers are ex-

pressed, according to the output voltages and currents taken from the LC filter

15



interface measurements, as:

 P (t) = vaia + vbib + vcic

Q(t) = 1√
3

[(vb − vc)ia + (vc − va)ib + (va − vb)ic]
(21)

3.2.2. Virtual Inertia230

The emulation of a rotating inertia is the main difference between the VSG

control strategy and the conventional droop control [29]. The virtual inertia

control scheme, shown in part 1 of Fig. 9, is based on a conventional swing

equation (Eq.(2)), representing the inertia and damping of a traditional syn-

chronous generator, where the acceleration of the inertia is determined by the235

power balance between the virtual mechanical input power Pm, the measured

electrical power flowing from the VSI output PV SI , and the damping effect

which is defined by the damping coefficient D and the difference between the

rotor angular frequency w and its rated value wn.

 

 

 

  

Figure 9: VSG control scheme: (1) Virtual Inertia, (2) Virtual governor system,

(3) Virtual excitation voltage, (4,5) Voltage references generation, (6) Correcting the

DGrotorinitial position.
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3.2.3. Virtual Governor System240

To emulate the DG speed governor characteristics, the traditional frequency

droop control is used. As shown in Part 2 of Fig. 9, the virtual mechanical

input power Pm of the virtual inertia block is given by the sum of the active

load power reference PL1, and the frequency droop effect, where kp is the fre-

quency adjustment coefficient [30]. The active load power reference PL1 can be245

determined as a function of the active power required by the load PL and RP ,

as follows:

PL1 = PL

(
RP

RP + 1

)
(22)

The droop controllers P/f equation is given as follows, where kp is the fre-250

quency adjustment coefficient [31]:

Pm − PL1 = kp(ω
∗ − ωV SI) (23)

However, and especially for the practical implementation when a low-pass

filter (LPF) need to be used to filter the averaged active and reactive output

powers, Eq.(23) can be rewritten as follows:

Pm − PL1 =

(
m

τp+ 1

)
(ω∗ − ωV SI) (24)

255

Where τ is the time-constant of the low-pass filter and m is the P/w droop

coefficient which, can be chosen according to the maximum and minimum val-

ues of the allowable angular frequency (ωmax, ωmin) and the maximum and

minimum capacities of the active power (Pmax, Pmin) as follows [32]:

m =
ωmax − ωmin
Pmax − Pmin

(25)

260

17



Equation(24) can be rewritten as follows:

τ

m

d

dt
(ωV SI − ω∗) = (P ∗ − PL1)− 1

m
(ωV SI − ω∗) (26)

By comparing Eq.(26) with the classical second-order swing equation (Eq.(2)),

the damp term and inertia term D and J are equivalent to:

 D = τ
m = Pmax−Pmin

ωmax−ωmin

J = 1
m

(27)

This relation shows on one hand that the system response is slow with a265

relatively large inertia and quick with a relatively small inertia and on the other

hand that the damping coefficient D, is responsible for the low-frequency fluctu-

ation in steady-state. In the proposed control strategy the damping coefficient

D must be adjusted according to the desired power ratio R.

3.2.4. Virtual Excitation Voltage270

To keep the VSI output voltage amplitude under control, the droop regula-

tion technique is used for the reactive powers exchange with the DG source.

From Eq.(16), the VSI output reactive power that will be delivered to the

load can be written as:

V1 − V ≈ x1
Q1

V1
(28)

The voltage amplitude depends then mainly on the reactive power flow. The

following droop control expression can be written as:

(VV SI − V0) = −kQ(QV SI −Q0) (29)

275

On the other hand, and according to the principle of Synchronous Genera-

tor,the excitation electromotive force V1 can be expressed as:

V1 ≈ V + x1SRI1q (30)

18



Where I1q and x1SR are the reactive current and the virtual synchronous reac-

tance, respectively.280

Let Mf1 denotes the mutual inductance amplitude of the virtual stator wind-

ings, and C denotes the virtual excitation current. Thus the amplitude of the

virtual excitation electromotive force can be expressed as [12]:

V1 = ωMf1if1 (31)

If we assume that V1B is the base value of V1 and if1B is the base value of

if1 (in pu), thus, the virtual excitation voltage and current can be expressed (in285

pu) as follows:

 V1∗ = V1

V1B
=

ωMf1if1

ωMf1if1B
= ω∗if1∗

if1∗ =
if1

if1B
=

if1B+∆if
if1B

= 1 + ∆if1∗
(32)

With the VEV, when if changes, the terminal voltage V1 changes with a very

small slope k, and unlike the AVR, the characteristic V1 = f(if1) is linear (no

magnetic saturation). The slope K denotes a voltage adjustment coefficient,290

which is defined as follows:

K =
V0 − V1

VN
(33)

Where V0 and V1 are the VSI terminal voltages without and with load, respec-

tively and VN is its rated voltage. Thus, the VEV block diagram is given in

Part 3 of Fig. 9. The adopted approach for the calculation of its parameters

can be found in [12].295

3.2.5. References Voltages Generation

As shown in Part 4 of Fig. 9, the reference voltages V ∗abc are reconstructed

by combining the amplitude information E0 generated by the virtual excitation

voltage and the phase information θ generated by the virtual inertia as:
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Figure 10: Vdc voltage regulation .


V ∗a =

√
2E0sinθ

V ∗b =
√

2E0sin(θ − 2π
3 )

V ∗c =
√

2E0sin(θ − 4π
3 )

(34)

The voltage references thus obtained are divided by the regulated DC bus volt-300

age Vdc to generate in the PWM modulation index m, as shown in Part 5 of

Fig. 9. As shown by Fig. 10, the ESS is designed to regulate Vdc, in order to

supply or absorb insufficient or surplus powers. Indeed, the DC bus voltage can

be expressed by:

C
d

dt
(Vdc) = iPV G + iDbat − iL (35)

3.2.6. DG Rotor Initial Position Correction.305

As previously discussed, to ensure the same power sharing between the two

sources, it is sufficient to impose a zero-angle of the rotor initial position (α = 0).
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As shown in Part 6 of Fig. 9. This correction can be achieved through an

acceleration or deceleration to the DG rotor according to its initial position.

3.3. Problems of Reactive Power Sharing in Hybrid system (PVG-DG)310

As discussed in the Introduction Section, the rotor accessibility problem of

the DG, influences not only the synchronization process, but also the reactive

energy and therefore its sharing with other sources due to the limitation of

the AVR. In fact, to regulate the DG output voltage, the AVR maintains the

constant voltage up to a certain level by controlling its field winding.315

 

2V

O

Linear 
Mode

Saturation
Mode

2f Mi 2fi

Cos φ ≤Cos φ2MCos φ >Cos φ2M

Figure 11: Excitation electromotive force characteristic.

The winding of the rotor field is excited by a direct current if . It is through

the generated magnetic flux that the AVR compensates the voltage droop or

the overvoltage according to the nature of the fed load (inductive or capacitive).

Nevertheless this compensation is limited by saturating the magnetic material as

shown in Fig. 11. This justifies the cosφ2M often marked on the DG nameplate,320

defined as:

cosϕ2M =
PDG
SDG

=
P2

S2
(36)
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Beyond this value of cosφ2M , the AVR system is no longer able to maintain

the output voltage in term of amplitude.

Due to this limitation of the AVR system, the reactive load sharing cannot

fully satisfy Eq.(18).325

From a control theory point of view, the design equation of the AVR system is

based on the rotor winding geometrical and material parameters. The maximal

excitation current ifM , which also corresponds to the maximal flux φf2M and

to the maximal excitation voltage Vf2M , could be expressed as [33]:

if2M =
kwaw
ρLm

φ2
fMRfM

1

vf2M
(37)

The geometric, electric, and magnetic parameters of the core and winding330

window are: the winding window utilization factorKw; the winding window area

aw; the cooper resistivity ρ; the mean length per turn Lm, and the magnetic

reluctance RfM . All these parameters could be replaced with a global core

parameter Kn [33]. Eq.(37) can be written as:

if2M =
kn
vf2M

(38)

The electromotive force V2 is directly proportional to the reactive component335

of the excitation current if , the actual electrical angular velocity, and the mutual

inductance of the stator windings Mf [12].

V2 = ωMf if (39)

Its maximum value is therefore:

V2M = ωMf if2M (40)

Since there is no saturation in virtual excitation voltage (VEV), the limita-

tion of the AVR system can be compensated by the VEV.340

According to the load cosφ, two possible cases can be distinguished.
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Figure 12: Droop controls for R = 2. a) f/P droop control , b) V/Q droop control .

• Case 1: When the load cosφ is greater than the DG one (cosϕ ≥ cosϕ2M ).

Following the proposed control strategy described in Section.3, the active

and reactive powers sharing can be achieved according to the desired power

ratio (R = RP = RQ), by imposing a rotor initial position zero-angle345

(α = 0).

Fig. 12(a) and Fig. 12(b) show the principles of f/P and V/Q droop

controls, respectively, for a desired power ratio (R = 2). Based on this

predefined linear droop characteristic, for a desired active powers sharing

ratio (RP = 2), ωm1 =ωm2 can be guaranteed in steady-state. In the350

same way, to share the reactive power according to the desired reactive

powers sharing ratio (RQ = 2), an equal output voltage V = VV SI =VDG

is required.

• Case 2: When the load cosφ is lower than the DG one (cosϕ < cosϕ2M ).

The reactive power of the DG must be lower than that of the VSI in order355

to maintain the above-cited cosφ condition, whatever the reactive power

required by the load.

Figure 13 show the principle of V/Q droop control when cosϕ < cosϕ2M .

In this case, the desired power ratio R must be imposed according to Q2M , in

order to prevent the AVR operation in its saturation area. It can therefore be360
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Figure 13: V/Q droop controls for cosϕ ≤ cosϕ2M

expressed as follows:

R = RP = RQ =
Q1

Q2M
=

QL
Q2M

− 1 (41)

4. Simulation Results

In this section, the effectiveness of the proposed VSG-based control strategy,

is evaluated by simulating the hybrid power system described in Fig. 2 with the

parameters given in Table 1.365

The functional behavior of the system energy sources as well as the synchro-

nization process between the VSI and the DG are illustrated in this section by

means of numerical simulation of a few relevant cases. The electrical load com-

prises both resistive and inductive components that are connected in parallel

to the AC bus as shown in Fig. 2. Based on the proposed control strategy, the370

desired power ratio is fixed to R = RP = RQ = 2. In this case, the synchro-

nization between the VSI and the DG is guaranteed since (ω1 =ω2 = ω) and

(V1 = V2 = V ) in steady-state, as described by Fig.12(a) and Fig.12(b).

The simulation is divided into several time intervals to evaluate the dynamic

performance of the VSI, DG, PVG, and ESS under loading transitions. Initially,375

the system operates with load1, then load2 is connected at t = 1s before cutting-

off from the system at t = 2s.

The active and reactive powers dynamic responses are shown in Fig. 14(a)

and Fig. 14(b), respectively. It is clear that during the three simulation steps
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Table 1: Simulation parameters.

PVG Parameters DG Parameters

PVG RP 3.2 kW DG RP 10 KV A

Panel RP 135 W τ1 0.03 sec

ns 9 τ2 0.05 sec

np 4 ka 2.7

T 25 ◦ r2 0.6Ω

a 1.3 x2 5mH

ESS Parameters VSI Parameters

Vbat 12 V r1 0.6Ω

Cbat 150 Ah x1 5mH

rbat 1 Ω Cf 0.033mF

Lbat 0.05 H Lf 0.048 mH

(0 < t < 1s, 1 < t < 2s, and 2 < t < 3s), the two sources (VSI and DG), share380

respectively ratio of 2/3 and 1/3 of the active and reactive powers requested by

the load. The desired active and reactive power sharing between the two sources

is obtained because the ratios are the same, as discussed in Section 3. In this

case, PV SI = 2PDG = 2/3Pload and QV SI = 2QDG = 2/3Qload. It can also be

observed that a transient regime appears at the beginning of the two sources385

synchronization. This transient regime is due to the DG required time to correct

its initial position by imposing α = 0, as explained in Subsection 3.2.6.

Figure 15(a) illustrate the output voltages at PCC. It can be observed that

the AC voltage is not influenced by the load changes. Both AVR and VEV

systems compensate the voltage drop due to the reactive power of each source390

(QV SI = 2QDG = 2/3Qload). Moreover, the DG rotor initial position correction

can be clearly observed in the zoom of the AC voltage depicted by Fig. 15(b).

Figures 16(a) and 16(b) show the battery currents and the PVG output

power, respectively. It can be noticed that when the load current is higher than

the PVG one, the ESS is therefore in the discharging state (Ibat > 0) and when395
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Figure 14: Powers sharing simulation results. a) Active power, b) Reactive power.
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Figure 15: Simulation results in AC bus. a) Output voltages at PCC, b) Zoom of

output voltages.

the load current increases, the ESS moves to the charging state (Ibat < 0).

The frequency dynamic performance at PCC during the loading transition is

ullistred by Fig. 17(a). It can be observed that the DG frequency deviations are

compensated by the VSI frequency ones, in order to keep a constant frequency,

which means that the VSI provides a virtual inertia to the system to allow a400

better stability.

Figure 17(b) is provided to highlight the DC bus voltage regulation by an

ESS through a buck-boost converter as described in Fig. 10. It can be noticed

that the DC bus voltage is not affected by the load variation and it is well

regulated at 650V, therefore proving the performance of the proposed control.405
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Figure 16: simulation results in DC bus. a) ESS output current, b) PVG output
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Figure 17: a) Frequency at PCC, b) DC bus voltage.

5. Experimental Results

Real-time experiments are carried out using the PCI 6281 card controller

board with input/output interface. Figure 18 shows the developed experimental

test bench and its main components. The synchronization process and power

sharing method control blocks are implemented on a reduced-scal test bench,410

to show the practical feasibility of the proposed VSG-based control strategy.

However, it should be mentioned that due to DG unavailability and difficulty for

indoor use, a second VSI is used for emulation purposes. Its virtual mechanical

parameters correspond to those of a DG with a rated power of 10 kVA.

Experimental tests were carried out for two cases. In the first case, the second415
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Figure 18: Experimental test bench. (1) VSI1, (2) VSI2, (3) PCI 6281 card controller

board with input/output interface, (4) LC filter 1, (5) LC filter 2, (6) Resistive load,(7)

Inductive load,(8) load switch, (9) PC, (10) Scope, (11) Current measurement, (12)

Voltage measurement.

VSI is connected during a very precise time interval in order to illustrate the

synchronization process, while in the second case the two VSIs are connected

in parallel in order to evaluate the practical feasibility of the power sharing

between the two power sources according to the desired power ratio R.

5.1. Synchronization Process Experimental Validation420

In order to illustrate the synchronization process between the two voltage

source inverters VSI1 and VSI2, the load power is initially provided by VSI1,

after that, the VSI2 is connected at t = 5s before cutting off from the system

at t = 25s.

The test has been carried out for a purely resistive load with a desired power425
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Figure 19: Load currents.
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Figure 20: VSI1 output currents.

ratio R = P1/P2 = P1/P2 = 1/2. At the instant of connection of the second

inverter V SI2, the output voltages V1 and V2 are not superimposed.

As discussed in Subsection 3.2.6, the correction of the initial position can

be achieved through an acceleration/deceleration of the virtual DG rotor. The

synchronization can be ensured by the correction of the VSI2 virtual rotor initial430

position by imposing a zero-angle (α = 0) through the reconstruction of the

29



0 5 10 15 20 25 30

Time (s)

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

V
S

I 2
 o

ut
pu

t c
ur

re
nt

s 
(A

)

i
2a

i
2b

i
2c

Figure 21: VSI2 output currents.
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Figure 22: Active power sharing.

reference voltages as follows:


V ∗a2 =

√
2E02sin(θ − α)

V ∗b2 =
√

2E02sin(θ − 2π
3 − α)

V ∗c2 =
√

2E02sin(θ − 4π
3 − α)

(42)

From the experimental results depicted in Figs. 19 to 21, it can be clearly

seen that after the second VSI connection, the load power is shared between

the two VSIs, according to the desired power ratio R = 1/2. In fact, the first

provides 1/3Pload while the second provides 2/3Pload. The microgrid consists

in this case of two grid-forming power converters connected in parallel and con-
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Figure 23: Reactive power sharing.
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Figure 24: Output voltages in AC bus.

trolled in closed-loop to work as ideal AC voltage sources with a given amplitude

Vmax = 28V and frequency f = 50Hz. As voltage sources, they present a low-

output impedance. The currents flowing through their output impedances are

expressed as:

IV SI2 = 2IV SI1 =
2

3
ILoad (43)

The virtual excitation voltage (Vf2) of VSI2 must be greater than Vf1 in order to

compensate the voltage drop (see Subsection.3.2.4). The virtual electromotive
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Table 2: Experimental validation parameters.

VSI1 Parameters VSI2 Parameters

Parameter Value Parameter Value

r1 3.8Ω r2 3.8Ω

xR1, xR2, xR3 10, 20, 26mH x2 10mH

cfR1, cfR2, cfR3 50, 100, 330µF cf 30µF

J1 0.22kg.m2 J2 0.06kg.m2

DR1, DR2, DR3 2, 4, 6 D2 2

KQ1 0.0001 KQ2 0.0001

Kp1 1000 Kp2 2000

forces are not the same (V1 > V2) and can be expressed as follows: V1 = VLoad +
√
r2
1 + x2

1
ILoad

3

V2 = VLoad +
√
r2
2 + x2

2
2ILoad

3

(44)

From Fig. 23 and although the test was performed for a purely resistive

load, a reactive powers oscillation occurs during the connection and disconnec-

tion of the second VSI. Besides, active power control is not independent from435

the reactive power one, as a change of the active power set value at 5s and 25s,

also causes a transient change in reactive power sharing. In fact, Low-voltage

microgrid lines present resistive properties (neglected in the proposed control

strategy), which can lead to a strong coupling between active and reactive ex-

perimental power outputs. Here and in order to compensate the uneven line440

voltage drop of the two VSIs, an adequate sizing of VSI1 filter (x1=2x2) can

enormously reduce the coupling oscillations.

It can be observed also from Fig. 24, that the voltage at PCC is well reg-

ulated, which clearly mean that the proposed VSG-based control strategy is

able to synchronize the two VSIs without PLL. Note here that high-frequency445

oscillations can be observed in the output currents and voltages, despite the use

of a first-order low pass filter for output currents and voltages measurement.

This is due to a practical constraint related to the LC filters sizing, which has
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Figure 25: Experimental power sharing result for R = 1. a) Active power sharing, b)

Reactive power sharing.

been carried out according to the laboratory available inductance and capacitor

(Table 2).450

5.2. Power Sharing Method Experimental Validation

In this part, the two VSIs are connected in parallel in order to evaluate

the practical feasibility of the proposed power sharing, according to the desired

power ratio R. Initially, the system operates with the first load then the second

load is connected at t = 10s before cutting off from the system at t = 30s.455

Figures 25 to 27, corresponds to a desired power ratio of R = 1, 2, and 3,

respectively. In each test, the waveforms from top to down are the load active

power, VSI1 output active power, VSI2 output active power, load reactive power,
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Figure 26: Experimental power sharing result for R = 3. a) Active power sharing, b)

Reactive power sharing.

VSI1 output reactive power, and VSI2 output reactive power, respectively.

These achieved results clearly show that the two VSIs contribute to the460

load power demand by a set beforehand power ratio. Again, they validate the

effectiveness of the proposed power sharing method. In fact, by applying the

VSG control, the active and reactive powers are shared according to the desired

power ratios of VSI1 and VSI2.

In order to improve the system stability, the virtual inertia J and the damp-465

ing coefficient D must be judiciously chosen. The system response is slow with

a relatively large inertia and quick with a relatively small inertia. It is strongly

emphasized that the practical value of the virtual inertia of VSI1 (J1 = 0.22,

given in Table 2) has been chosen for a better system stability; while the prac-
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Figure 27: Experimental power sharing result for R = 3. a) Active power sharing, b)

Reactive power sharing.

tical value of the virtual inertia of VSI2 (J2 = 0.06, given in Table 2) has been470

chosen corresponding to the diesel generator parameters. While the damping

coefficients (D1R1 = D2, D1R2 = 2D2, D1R3 = 3D2) have been adjusted ac-

cording to the desired active power ratio R, as discussed in Subsection 3.2.3

6. Conclusion

In this paper, a new virtual synchronous generator-based control strategy475

has been proposed for a hybrid PV-Diesel power system in a stand-alone context.

The control idea aims to synchronize the VSI and the DG without a PLL and

with correction of the diesel generator rotor initial position. In the proposed

approach, the active and reactive powers sharing between the two energy sources
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can be envisaged with a desired ratio.480

Simulations and experiments under load variation have successfully proved

the effectiveness of the proposed virtual synchronous generator-based control

strategy. It has been particularly demonstrated that the proposed control en-

sures synchronism and achieves powers sharing according to the desired power

ratio.485
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