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Abstract—This paper presents a virtual impedance-based grid
emulation technique to evaluate the performance of distributed
generations connected to a grid/micro-grid. A two-level voltage
source converter (VSC) with an output LC filter is used to emu-
late the grid. In the emulation, the grid is represented as a voltage
source behind a virtual series impedance, where the impedance
can be an inductor, a resistor, a capacitor or a combination of all
the three. A simple estimator based active damping technique is
proposed to damp out oscillations associated with the output LC
filter of the VSC. A detailed time domain analysis is carried out in
PSCAD/EMTDC to study the transient response of the emulator.
A hardware prototype is developed to verify the performance of
the emulator experimentally.

I. INTRODUCTION

Distributed generations (DGs) are being integrated into the
existing power network at different voltage levels to handle
the increase in energy demand all over the world. At the
distribution level, where the grid is weak (low short circuit
capacity), the DG may be subjected to power quality issues
like imbalance, sags and swells, harmonics and flicker at
the point of common coupling (PCC) voltage [1]. Most of
the DG resources are connected to the grid through current
controlled VSC. The current controlled VSC faces stability
issues when connected to a weak grid [2], [3]. Therefore,
before connecting DG to the grid, it should be tested to ensure
that it will operate in a stable way. In addition to this, power
utilities demand DG to meet certain requirement specifications
before connecting to their network, like low voltage ride
through, dynamic voltage support capability, frequency ride
through, anti-islanding functions etc. [4]. A high bandwidth
grid emulator which can emulate all these scenarios, as well
as the characteristics of a weak grid, can be utilized to test
the DGs before commissioning.

Different methods to emulate the grid have been reported
in the literature [5], [6], [7], [8]. Several commercial grid
simulators are also available in the market [9], [10], [11]. In
most of these, a VSC with an output LC filter is employed
to emulate the grid. In [5], [8], a three-phase balanced simu-
lator is developed with programmable voltage, frequency and
harmonics. The control structure lacks in emulating voltage
imbalance and series impedance. A grid simulator which can
emulate balanced grid disturbance is discussed in [7]. Majority
of the grid emulation techniques available emulates the grid
as a voltage source without any series impedance and thereby
cannot emulate a weak grid. In [12], an overview of virtual

impedance-based control for voltage source converter and
current source converter for grid connected applications is
discussed in detail.

The LC filter connected to the output of the VSC to
minimize switching frequency components causes resonance
in the system. A simple way to damp these oscillations is
to use a passive resistor in series or parallel with any of
the filter elements. But this will result in power loss in
the system. Active damping (AD) based techniques, where
a virtual resistor is emulated in the control, can damp out the
resonance without introducing additional losses in the system.
Different methods to actively damp LC filter resonance have
been reported [13], [14], [15], [16]. A Luenberger observer-
based AD technique for LCL filter based on inverter current
and the output voltage is proposed in [17]. Most methods
use output capacitor voltage to estimate the capacitor current,
which works well for grid-connected application or motor
drives where the fundamental operating frequency is fixed
and when the resonance frequency and fundamental frequency
are well separated. In [13], the capacitor current at resonance
frequency is calculated by integrating the capacitor voltage
at the resonance frequency with proper scaling. In all these
cases the operating frequency and the resonance frequency
are well separated and the hence it is possible to filter out
the resonance voltage. In a grid emulator, the output voltage
needs to be regulated at the fundamental frequency as well
as for harmonic frequencies. When the harmonic frequencies
and resonance frequencies are not well separated, the above
methods fail to estimate the capacitor current.

In this paper, a simple way to emulate a grid with a virtual
series impedance is proposed. Any combination of resistor,
inductor and capacitor can easily be emulated preserving their
dynamic behaviour. The voltage controller is implemented in
the stationary reference frame and can easily be extended
to track higher order harmonic voltages. A simple estimator
based active damping method is proposed to damp out the
oscillations associated with the output LC filter. The rest of
the paper is organised as follows. In section II, the basic idea
behind grid emulation is discussed. The control structure and
the proposed active damping is discussed in section III. Section
IV discusses the controller design. Detailed time domain
simulation and experimental results are discussed in section
V. Finally, conclusions are drawn in section VI.
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Fig. 1: Representation of inductor and capacitor

II. GRID EMULATION

The grid can be represented as a voltage source behind a
series impedance zg as shown in Fig. 1a. Depending on load
current io, the PCC voltage vt changes. For example, if zg is a
series combination of R, L and C, then the PCC voltage vt(t)
can be represented as follows,

vt(t) = vg(t)−
[
Rio(t) + L

dio(t)

dt
+

1

C

∫
io(t)dt

︸ ︷︷ ︸
vd(t)

]
(1)

The schematic of the grid emulator is shown in Fig. 1b. The
terminal voltage vt(t) across the filter capacitor is controlled
as per equation (1). If the load connected to the PCC is non-
linear, then the terminal voltage vt(t) will contain harmonic
voltage apart from the fundamental voltage. Depending on the
nature of the grid, the impedance can be a simple inductor
or a series-parallel combination of resistors, inductors and
capacitors. The method to calculate voltage drop vd(t) in real
time is discussed below.

A. Representation of Inductor and Capacitor
The passive elements inductor and capacitor are converted

to Norton equivalent current source using Dommel’s method
[18], [19], by converting time-domain differential equations
into a difference equation. For a time step of Ts, the inductor
and capacitor can be represented as

1) Inductor: The relation between the voltage across and
current through the discrete inductor given in Fig. 2a can be
written as,

io(t) =
1

L

∫ t

t−Ts

vd(t) dt+ io(t− Ts) (2)

On applying trapezoidal rule,

io(t) = [vd(t) + vd(t− Ts)]×
Ts

2L
+ io(t− Ts) (3)

The above equation can be written as,

vd(t) = rl × (io(t)− ILhys) (4)

where rl =
2L

Ts
and ILhys = v(t−Ts)/rl+ i(t−Ts). From

(4), inductor at a given instant ’t’, can be represented by a
resistance rl in parallel with a known current source ILhys.

L
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vd(t)

rl

ILhys

io(t)

vd(t)

(a) Inductor
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Fig. 2: Representation of L and C
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Fig. 3: Series RLC equivalent circuit

2) Capacitor: For the discrete capacitor given in Fig. 2b,

vd(t) =
1

C

∫ t

t−Ts

io(t) dt+ vd(t− Ts) (5)

On applying trapezoidal rule,

vd(t) = [io(t) + io(t− Ts)]×
Ts
2C

+ vd(t− Ts) (6)

The above equation can be written as,

vd(t) = rc × (io(t)− IChys) (7)

where rc =
Ts
2C

and IChys = −[v(t− Ts)/rc + i(t− Ts)].
From (7), the capacitor at a given instant t, can be represented
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by a resistance rc in parallel with a known current source
IChys.

Using (7) and (4) any series parallel combination of resistor,
inductor and capacitor can be converted into equivalent current
sources and resistor. The converted system can be solved with
in one single time step. For example, the voltage drop across
a series RLC impedance given in Fig. 3 can be written as,

vd(t) = Rio(t) + rc(io(t)− IChys) + rl(io(t)− ILhys) (8)

III. CONTROL STRUCTURE

The grid emulator should be able to emulate virtual
impedance, harmonic voltage, voltage imbalance, sag and
swell etc. The control schematic of the grid emulator is given
in Fig. 6.

A. Voltage Controller

The voltage drop vd, across the virtual impedance is calcu-
lated by solving the network equation as discussed in section II
to get the PCC reference voltage v∗t (t). If the load connected to
the PCC is non-linear, then the terminal voltage vt(t) must be
non-linear in nature. A proportional-resonant (PR) controller
tuned at multiple frequencies is used to track PCC voltage
with zero error [20]. The controller is converted to z-domain,
and can be represented as,

Gc(z) = kp +
∑

h=1,3,5,7

a1hz
−1 − a2hz

−2

b0h + b1hz−1 + b2hz−2
(9)

where h denotes harmonic order and a1h, a2h, b0h, b1h, b2h are
coefficients of the controller for different frequencies [21]. In
this work, harmonic resonant controllers are implemented for
h = 1, 3, 5& 7.

B. Active Damping

The output of VSC is commonly connected through a low
pass LC filter to reduce switching harmonics. This LC filter
has a resonant frequency and if it is not properly damped,
there will be an undamped oscillation at that frequency. There
are several methods available in the literature to damp out
these oscillations. Fig. 4a shows the circuit schematic of the
LC filter with a physical damping resistor in series with
the filter capacitor. The block diagram representation for this
plant is shown in Fig. 4b. The above block diagram can
be manipulated as shown in Fig. 5a to replace the physical
damping resistor with a virtual damping resistor Rvd. The LC
circuit with a virtual damping resistor will be as shown in Fig.
4a. To implement this active damping scheme, the capacitor
current ic needs to be measured. However, the capacitor
current contains a considerable amount of switching frequency
harmonic currents.

In this paper, the capacitor current ic is calculated using an
estimator. The structure of the proposed estimator-based AD
is shown in Fig. 6. The inverter voltage, vinv is estimated by
multiplying the modulation index m with the average inverter
model Gi,e(z). The difference between the measured output
voltage vt and estimated inverter voltage vinv is integrated
using the integrator Gint(z) with a time constant Lfe, (where
Lfe is the estimated filter inductance) to calculate inverter
current iinv,e. The capacitor current ic,e is then estimated
by subtracting iinv,e from measured load current io. The
estimated capacitor current is multiplied by virtual resistance
Rvd and scaled by converter gain ki (where ki = 2

Vdc
) and

subtracted from the modulation signal m̃ to implement active
damping.
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C. Robustness of the proposed AD
The proposed active damping method depends mainly on

the estimated inductor value Lfe. The control block given in
Fig. 6 can be used to analyse the effect of the variation of
the estimated inductance on the damping performance. The
effective damping resistance (Rvd,e) seen by the system can
be calculated as,

Rvd,e = Rvd ×
Lf

Lfe
(10)

The difference between the estimated and actual filter in-
ductance, results in a simple scaling of the virtual resistor.
Considering a ±10% variation between the estimated and
actual inductance value, the virtual resistor Rvd can be selected
to provide enough damping for the entire range of variation.

IV. CONTROLLER DESIGN

The design of the controller for the proposed grid emulator
is performed in z-domain. The plant Gp(s) in the continuous
domain is converted into z-domain using zero-order-hold
(ZOH) as given below.

Gp(z) = (1− z−1)Z
[
Gp(s)

s

]
(11)

Gp(s) =
1

LfCfs2 + 1
; ωr =

1√
LfCf

(12)

where wr, is the resonance frequency of the LC filter. The
inverter is modelled as a dc gain with a unit delay.

Gi(z) =
Vdc
2
z−1 (13)

The open loop transfer function GOL(z) of the complete
system can be derived from the above equations which can
be used to design the controller for desired performance. In
this paper the controller is designed to achieve a phase margin
of 45◦.

The bode plot of the open loop transfer function GOL(z)
with and without active damping controller is plotted in Fig.
7. The LC filter resonance is well damped with the proposed
active damping.
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Fig. 7: Bode plot

V. RESULTS

The performance of the proposed grid emulator is verified
using detailed time domain simulation and experientially.

A. Time domain validation

To verify the dynamic performance of the grid emulator, a
detailed time-domain simulation of the system given in Fig.
1b is carried out in PSCAD/EMTDC. For inverter, a detailed
switching model is used. The VSC is rated at 400 V, 10 kVA
and switched at 10 kHz (Ts = 100µs). The other parameters
used in the simulation are: Lf = 10mH , Cf = 5µF. The
load connected to the grid emulator is a resistive load. Fig. 8
shows the terminal voltage and load current for an inductive
emulation of 100 mH. At t = 2 sec, a step change in load is
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Fig. 8: Inductive impedance emulation
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applied to show the dynamic performance of the controller. A
capacitance of 40µF is emulated in series with the grid, and
a similar step change in the load is applied at t = 2 sec and
the results are shown in Fig. 9.

The effectiveness of AD technique is tested at no load,
where the damping from the load side is minimal. The AD
is turned off at t = 2 sec and re-enabled at t = 2.05 sec as
shown in Fig. 10. From the plot, it is clear that soon as the
AD gets disabled the resonance starts building up and when
it is re-enabled, the resonance is damped-out.

B. Experimental Results

The proposed grid emulator is verified experimentally on
a low voltage laboratory prototype. The closed-loop voltage
control is implemented on TMS320F28355. The load con-
nected to the PCC is a non-linear diode rectifier in series
with an inductor on the AC side. Fig. 11a shows the steady
state filter capacitor voltage with harmonic resonant controllers
disabled. When the harmonic resonant controllers are enabled,
the output voltage is free from 3rd,5thand 7th harmonics as
shown in Fig. 11b. The experimental result with series resistive
impedance emulation is given in Fig. 11c. The output voltage
is distorted because of the harmonic voltage drop across the
emulated resistor.

VI. CONCLUSION

This paper proposes a simple way to emulate a grid with a
virtual series impedance. The control structure ensures track-
ing of any desired harmonic voltage. The proposed observer-
based active damping technique provides enough damping
to LC resonance. The performance of the grid emulator
for different grid impedance was analysed in detail using
time domain simulations. The experimental results provided
validates the performance of the voltage controller to track
harmonic voltage caused due to non-linear loads connected to
the grid emulator.

(a) Without harmonic controller

(b) With harmonic controller

(c) Resistive emulation

Fig. 11: PCC voltage vt (blue) and current io(t)(green); (x
axis: 5 ms/div and y axis V: 20 V/div and I: 2 A/div)
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