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Abstract – The degree of proliferation of Distributed Energy
Resources (DERs) and application of power electronics appliances are in demand. A microgrid can contain variety of sources
such as diesel generator, wind turbine, PV arrays, microturbine
and fuel cell. Usually these sources share power where the system
frequency changes depending on the power supplied. On the other hand, the microgrid can contain harmonic loads that can affect the performance of the synchronous generators. These deleterious effects of distorting loads can be corrected using a distribution static compensator (DSTATCOM). In this paper, an
isochronous control based droop strategy is employed that forces
the microgrid to operate at the base frequency of 50 Hz. Therefore the DSTATCOM can be operated at 50 Hz. A closed-loop
space vector pulse width modulation (SVPWM) technique is used
for the DSTATCOM control. The scheme is validated through
the extensive PSCAD/EMTDC simulation studies.
Index Terms – Diesel generator, distributed energy resources,
DSTATCOM, SPVPM, frequency droop and isochronisation.

I. INTRODUCTION
N the currently changing power supply systems, distributed
energy resources (DER) are emerging as a mode to supply
efficient and reliable power to customers [1]. The increasing
number of renewable energy sources such as photovoltaic,
wind and micro-hydro are leading to a substantial amount of
electric energy generation in the form of DERs within electric
networks. Integration of the DERs will reduce network expansion costs, minimize power losses in long feeders and increase
the reliability of networks [2].
DER includes both distributed generators (DGs) and the
distributed storage (DS) units [3]. DERs can come of various
sizes and types of such as fuel cells, photovoltaic arrays, wind
turbines, flywheel and super capacitor etc. A cluster of DGs
and load can be considered as a microgrid. It can be operated
in a grid connected or in an islanded mode. To control the
voltage and frequency of the microgrid in the islanded mode,
droop control methods are being used to share the power according to available resources rating. The various kind of
droop control strategies are introduced in the literature [4-7].
The traditional method is frequency droop control, in which a
microgrid frequency varies within the limit of a frequency
band for power sharing based on DG ratings. On the other
hand, when only converter interfaced DGs (i.e., DERs) are
used, a more responsive angle droop control can be employed.
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In this, the voltage magnitude and angle of DGs are controlled
at a fixed frequency for real and reactive power sharing. An
autonomous load sharing technique for parallel connected
voltage source converter (VSC) is discussed in [8], in which
the improved power-frequency droop scheme is proposed to
compute the angle for VSCs directly to yield real power sharing without sacrificing frequency regulation. However, this
technique is valid only for VSC interfaced DGs.
A microgrid, which consists group of parallel inverters with
linear and non-linear load, several techniques for power sharing with non-linear loads have been discussed in [9-10]. These
techniques enable the equal sharing of linear and non-linear
loads. If a microgrid consists of inertial generators (e.g. diesel
generators) that supply non-linear loads, harmonic current will
flow through the armatures of the generators [11]. This will
distort the armature reaction, leading to voltage distortion affecting output power. It will also lead to electromagnetic
torque pulsation, generating heat and reducing the life of the
generators [12, 13]. Therefore, to improve the power quality,
capacity, reliability and redundancy, various custom power
devices are being used [14]. A DSTATCOM can be used to
eliminate load harmonics, as well as, for voltage regulation
[15]. Pulse width modulation (PWM) technique is the most
popular form for VSC control due its simplicity [16]. On the
other hand, space vector pulse width modulation (SVPWM)
technique is more efficient for VSC control due to reduced
harmonic injection, low switching frequency and losses [17].
In this paper, a new control strategy is proposed for power
sharing in the hybrid microgrid, which consists of DGEN and
DER with linear and non-linear loads. The microgrid operates
in frequency droop control in which frequency deviates within
a band depending load and available power. A DSTACOM is
connected at the load terminal to eliminate the effect of load
harmonics. A closed-loop SVPWM technique is proposed to
control the DSTATCOM. The DSTATCOM operates at a constant frequency of 50 Hz. Therefore, the microgrid frequency
also needs to be maintained at 50 Hz, irrespective of power
drawn by the load. To facilitate this, an isochronous controller
is introduced with the frequency droop. It has been shown that
the microgrid strictly operates at 50 Hz with the introduction
of the isochronous controller.
The rest of the paper is organized as follows. The system
structure is presented in Section II, where both frequency
droop and isochronous controller are discussed. The
DSTATCOM structure and its closed-loop SVPWM control
are discussed in Section III. The proposed method is validated
through extensive computer simulation studies using PSCAD.
The results are discussed in Section IV. The paper concluded
in Section V. The system data used are given in Appendix.
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The schematic diagram of the isochronous controller is
shown in Fig. 2, which is essentially a PID controller. The
frequency obtained from the droop control for each DG, is
first compared with the reference (synchronous frequency).
The error is then passed through a PID controller. The controller output is added with the droop frequency to obtain ω′. This
frequency is then used to control both the DGs.
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III. DSTATCOM STRUCTURE AND CONTROL

II. SYSTEM STRUCTURE
The system structure is shown in Fig. 1. The microgrid contains a diesel generator (DGEN) and a converter interfaced
distributed energy resource (DER) that operate in ω-P and QV droop control, given by

(

ω = ω r + m × 0.5 P ∗ − P

)

V =Vr + n × (Q * − Q)

where ωr and ω are the rated and instantaneous frequency of
the system respectively in rad/s. The rated and actual real
power are denoted by P* and P respectively. Q* and Q are the
rated and actual reactive power respectively; m, n are the
droop coefficients of the frequency and voltage droop lines.
The DGEN structure is discussed in [18]. The DER is a dc
voltage source that is connected through a three-leg VSC.
Note that in the ω−P droop equation, half the rated power
has been used to restrict the frequency variation to within ± fd
Hz. The droop gain m is chosen accordingly. In this paper, fd is
chosen as 0.5 Hz. Also the rated capacity of the DGEN is 500
kW. Then from (1), we get
− f d × 2π
m1 =
rad/kW
(250 − 500)
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Fig. 1. The microgrid structure under consideration.

A. Isochronous Control
Note that in the frequency droop, given in (1), half the rated
power is used such that the frequency can vary ± 0.5 Hz from
the fundamental frequency of 50 Hz. The droop coefficients
are chosen accordingly to restrict the frequency variation to
within these specified limits. However, the DSTATCOM is
restricted to operate at the fixed frequency of 50 Hz. Therefore, it is required to recover the droop frequency through an
isochronous controller such that both the DGEN and DER
operate at 50 Hz.
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Fig. 2. Schematic diagram of the isochronous controller.

Lf

Rf

Lf Cf

Rf

Lf Cf

B
S2

S4

C

S6

Cf

A
vP
B
C

Fig. 3. The DSTATCOM structure.

A. Reference Generation

∗
v Pb
= VP sin (ω t + δ − 120°)

(4)

= VP sin (ω t + δ + 120°)

where |VP| is a pre-specified voltage magnitude, δ is an angle
that maintains the power flow from the source to the load and
ω is the rated frequency (100π) in rad/s. The angle δ should be
such that the required amount of power flows to the load. Also
the DSTATCOM needs some amount of power from the microgrid to compensate its switching and internal losses. Note
that it is supplied through a dc capacitor. Therefore if the capacitor voltage can be held constant, the required amount of
power can flow to the PCC. Based on this logic, a PI controller is designed to regulate the dc voltage and its output sets
then angle, given by

(

)

∫(

)

d = K P Vdc* − Vdc + K I Vdc* − Vdc dt
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The main aim is to regulate the voltage PCC voltage against
any variation in the load. The load can be non-linear. Let the
desired three-phase PCC voltage be given by
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In a similar way, the droop gain for the DER can also be calculated.

DGEN

The schematic diagram of the DSTATCOM is shown in Fig.
3. In this figure, each switch represents an IGBT and an antiparallel diode combination. Each phase output contains the LC
(Lf-Cf) filter. The resistance Rf represents the converter losses.

+

ω
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The DSTATCOM has to synthesize these three-phase voltages
at its output.
B. Closed-Loop SVPWM Control
Usually in a PWM control, the voltage at the output of the
converter is synthesized in the open-loop and then an LC filter
is used to remove the switching harmonics. This may however

cause a phase shift in the output voltage. Therefore a state
feedback controller is designed taking into account the filter
characteristics and then the switching signals are generated
using SVPWM.
Each phase of the DSTATCOM is controlled individually.
The first step in the process is to generate instantaneous reference voltages (va*, vb* and vc*) for the three phases. How these
voltages are obtained will be discussed later. The
DSTATCOM switches are controlled such that these voltages
appear across the filter capacitor (Cf) (or PCC) of the respective phases. However for feedback stabilization, both the voltage across the capacitor and the current through the inductor
(if) must be controlled. It is to be noted that the current if
should only contain low frequency components – its high frequency components should be zero. Therefore, we pass this
current through a high-pass filter (HPF) and equate it to zero.
The feedback control scheme for phase-a is shown in Fig. 4,
where the gains k1 and k2 are computed using a discrete-time
linear quadratic regulator (DLQR). The control output is sampled to form ua. Similar control law is applied to obtain ub and
uc for the other two phases [14].

given in [19]. The zero vectors V0 and V7 are symmetrically
distributed in each switching period to reduce the switching
losses [20]. The switching time for each sector is as given in
Table I [17]. These control signals are compared to a triangular carrier to generate the switching pulses for upper and lower
switches of three phases. Moreover, the DC link voltage is
efficiently utilized in SVPWM as compared to sinusoidal
PWM.
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Fig. 5. (a) Sector definition and (b) active vector states.
TABLE I: SWITCHING TIME FOR EACH SECTOR.
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Fig. 4. VSC control output computation.

The three control output values are now used in Clark transformation to a stationery axis as
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From these, a vector V∠θ is computed as
V =

2

 va
 vβ


θ = tan −1 


, θ ∈ [0, 360°]



(6)

The space vector is divided into 6 sectors, where Sector 1 is
in between 0° < θ < 60° and so on, as shown in Fig. 5 (a).
Each triangular sector is formed by two active state vectors of
amplitude (2/3) Vdc. After determining the sector, the reference
space vector V can be mapped into two adjacent vectors as
shown in Fig. 5 (b), where Ta and Tb respectively denote the
time duration for active vector V1 and V3.
The vector V can then be defined in terms of switching instants as
V =

Ta
T
T
× V1 + b × V3 + 0 × V0
Ts
Ts
Ts

T0 = Ts − (Ta + Tb )

Lower Switches
S2 = T0/2
S4 = Ta + T0/2
S6 = Ta + Tb + T0/2
S2 = Tb +T0/2
S4 = T0/2
S6 = Ta + Tb + T0/2
S2 = Ta + Tb + T0/2
S4 = T0/2
S6 = Ta + T0/2
S2 = Ta + Tb + T0/2
S4 = Tb +T0/2
S6 = T0/2
S2 = Ta + T0/2
S4 = Ta + Tb +T0/2
S6 = T0/2
S2 = T0/2
S4 = Ta + Tb +T0/2
S6 = Tb + T0/2

IV. SIMULATION RESULTS

va + vβ
2

4

Upper switches
S1 = Ta + Tb + T0/2
S3 = Tb + T0/2
S5 = T0/2
S1 = Ta + T0/2
S3 = Ta +Tb + T0/2
S5 = T0/2
S1 = T0/2
S3 = Ta +Tb + T0/2
S5 = Tb +T0/2
S1 = T0/2
S3 = Ta + T0/2
S5 = Ta + Tb + T0/2
S1 = Tb +T0/2
S3 = T0/2
S5 = Ta + Tb + T0/2
S1 = Ta + Tb +T0/2
S3 = T0/2
S5 = Ta + T0/2

(7)
(8)

where Ts is the half of the switching frequency and T0 is the
time period for the zero-vector. These times are calculated as

In this section, simulation studies are performed using
PSCAD. Three different case studies are presented. The microgrid data are given in Table I and the DSTATCOM data are
given in Table II in Appendix.
A. Case-1: Isochronous Operation
In this example, only the RL load is assumed to be present.
Also the DSTATCOM is not connected. The system response
from a cold start is shown in Fig. 6. The load power and the
power supplied by the DGs are shown in Fig. 6 (a). The total
load demand (PL) is 205 kW, the DGEN supplies (P1) 147 kW
and the DER supplies (P2) 58.8 kW. Therefore the ratio of P1
is to P2 is 2.5:1, which is exactly the ratio of the rated power
of these two DGs. Since P1 = 147 kW, from (3) the system
frequency without the isochronous controller will be 50.206
Hz. However, with the isochronous controller, the frequencies
of both DGs become 50 Hz within 2.5 s, as shown in Fig. 6
(b).

C. Case-2: MG Operation during a Load Change
With the system operating in the steady state, the linear RL
load is suddenly increased by 100 kW at 5 s. From the plots
given in Fig. 10 (a), it can be seen that both the DGs increase
their power output in the specified ratio, while the power
from/to the DSTATCOM remains unchanged. The DG frequencies come back to their steady state values within 0.5 s.
The angle controller is effective as dc capacitor voltage and
the angle settle within 2 s.

Fig. 6. Microgrid system behavior when the DSTATCOM and the rectifier
load are not connected.

B. Case-2: MG Operation with DSTATCOM and Rectifier
Load
In this example, both the rectifier load and the DSTATCOM
are connected at the beginning (cold start). The total load demand is 500 kW. The flow of active power through the system
is shown in Fig. 7 (a). It can be seen that power sharing ratio is
2.5:1, while the DSTATCOM absorbs negligible power. The
frequency settles at 50 Hz due to isochronous control. It is to
be noted that the load power will contain distortion due to the
presence of harmonics. However only the average power is
shown here and hence the distortions are not visible.

Fig. 8. DC capacitor voltage, angle and DSTATCOM tracking performance.

Fig. 9. Phase-a load, DGEN and DER currents.

Fig. 7. Power flow and frequency in the microgrid when the DSTATCOM and
the rectifier load are connected.

The dc capacitor voltage is shown in Fig. 8 (a). It can be
seen that it settles to the desired voltage of 16 kV within 2 s.
The output of angle controller is shown in Fig. 8 (b). The
steady state tracking performance of the DSTATCOM is
shown in Fig. 8 (c), where the desired voltage and the tracking
error are plotted. The tracking error is insignificant compared
to the desired voltage, which indicates a satisfactory voltage
tracking performance with the closed-loop SVPWM control
The instantaneous currents of phase-a are shown in Fig. 9. It
can be seen that the load current is distorted, while the currents supplied by the DGEN and DER are sinusoidal due the
voltage correction by the DSTATCOM. Note that the switching frequency for the SVPWM control is 2.5 kHz. For a comparable performance from a PWM control can be achieved
with a switching frequency of 15 kHz.

Fig. 10. Power flow and frequency in the microgrid during load change.
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Fig. 11. DC capacitor voltage and angle during load change.
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V. CONCLUSIONS
This paper introduces a new control strategy for a microgrid
that contains non-linear loads. Based on this control strategy,
the microgrid operates at a set reference frequency while sharing power in a frequency droop control. An isochronous control method is proposed to maintain the microgrid system frequency at 50 Hz. As a consequence, a DSTATCOM that injects voltage at 50 Hz can be used at the load terminal to prevent the harmonic currents drawn by the load harmonics to
travel to the diesel generator terminals. The DSTATCOM is
controlled through a closed-loop SVPWM control technique
base on linear quadratic control. A few case studies are presented to validate the proposed control strategy.
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APPENDIX
Table I. Parameters of the DGs connected to the Microgrid
System Quantities
Values
Feeder impedance
Rf1 = 1.21 Ω, Lf1 = 38.5 mH
Rf2 = 2.42 Ω, Lf2 = 77.0 mH
DGEN Rating
500 kW
DER Rating

200 kW

RLa=272 Ω, LLa = 419 mH
RLb=272 Ω, LLb = 419 mH
RLc=272 Ω, LLc = 419 mH
Non-Linear Load
Full bridge rectifier with a load
of 1000 Ω and 100 mH.
Droop Coefficient (Frequency–Voltage)
Load-1

m1

0.0126

m2

0.0314 rad/kWs

rad/MWs

n1

0.02

kV/MVAr

n2

0.05

kV/MVAr

Table II. Parameters of DSTATCOM
Parameters
Values
Rf
0.001 Ω
Cf
50 μF
L1
33 mH
Vdc
13.5 kV
PI controller parameters
Proportional gain
-0.1
Integral gain
-0.25
Table III. PARAMETERS OF ISOCHRONOUS (PID) CONTROLLER
System data
Proportional gain (KP)

Value
0.1

Integral gain (KI)

10

Differentiator gain (KD)

0.004

Constant coefficient (N)

200

