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Abstract—A simultaneous change of voltage magnitude and
grid impedance may occur during grid faults. To reproduce
such impedance variation by converter-based grid emulators,
the virtual impedance (VI) control and the virtual admittance
(VA) control are two typical approaches. Their dynamics when
used with the L-filtered grid emulator are evaluated in this
paper. Two major issues, i.e., the inaccuracy of emulated low-
frequency (<50 Hz) impedance by the VI control, and the
adverse interactions between VA control and its inner current
control. Simulation and experimental results of an L-filtered
voltage source inverter confirm the correctness of analysis.

Keywords—Transient impedance, low-voltage ride-through,
virtual impedance, virtual admittance

1. INTRODUCTION

Voltage sags and fault clearances are generally
accompanied by impedance variation in power grids. Such
changes of grid parameters may affect transient dynamics of
grid-connected systems, e.g., the overvoltage and low-
frequency (<50 Hz) oscillations at the point of common
coupling (PCC) [1], [2]. To test the grid-code compliance of
grid-connected systems, it is important for converter-based
grid emulators to guarantee the accuracy of emulating
steady-state low-frequency impedance profile and transient-
state impedance variation [3]-[6].

The voltage control (VC) and virtual impedance (VI)
with a low-pass filter (LPF) have been commonly adopted
for the impedance emulation [4], [7]. It can realize accurate
emulation of steady-state low-frequency impedance in the
LC-filtered grid emulator, which is dependent on the VC
parameters [8], but they cannot be readily extended to the L-
filtered grid emulator. Additionally, the cutoff frequency of
LPF may limit the performance of transient-impedance
emulation [4].

To avoid using the LPF, the current control (CC) with the
virtual admittance (VA) control can be an alternative method
for grid emulators [1], [8]. It can achieve accurate emulation
of steady-state impedance in a wide frequency range [8]. Yet,
the emulation of small or nearly zero impedance is limited by
the design of CC loop and the control latency [9].

This paper reviews first the testing capacity requirements

of a grid emulator for low-voltage ride-through (LVRT) tests.

To fulfill the requirements on emulating transient changes in
both voltage and impedance, the issues with the VI control
and the VA control are identified based on the impedance
modeling of an L-filtered converter-based grid emulator.
Lastly, the simulation and experimental tests are conducted
to validate the correctness of reported issues.

II. SYSTEM DESCRIPTION

Fig. 1 shows a shunt-impedance-based grid emulator and
a converter-based grid emulator. Z,, Z1, Z and Z, are the grid
impedance, the series impedance, the fault impedance and
the virtual impedance, respectively. In the former, through
opening/closing switches S; and S,, the simultaneous change
of voltage magnitude and grid impedance can be
implemented for the LVRT tests, as shown in Fig. 1(b) [3].
To reproduce the dynamics of the shunt-impedance-based
grid emulator, the converter-based grid emulator with an L
filter is an attractive structure, which can avoid the LC-filter
resonance and reduce the footprint of ac filters [1], [10].

In the testing guideline FGW TR3, several requirements
have been provided for the impedance profile during LVRT
tests, as follows [11].

1) The short-circuit ratio (SCR) seen from PCC is at least
2 before the fault occurrence.

2) The fault impedance Z, can be zero to realize the
voltage sag depth up to 100%.

3) The X/R ratio of Zg, Z\, Z, must be at least 3.
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Fig. 1. The general diagram of the grid emulators. (a) Shunt-impedance-

based grid emulator. (b) Time sequence of impedance variation. (c)
Converter-based grid emulator.
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III. ISSUES OF IMPEDANCE EMULATION

This section elaborates first the limitations of VC with VI
control in emulating steady-state low-frequency impedance
and transient-state impedance variation. Further, the
advantage and adverse interactions of CC with VA control
have been discussed.

A. Limitation of VC with VI Control

Fig. 2(a) shows the control diagram of a conventional VC
with VI control in the grid emulator with an L filter. G(s) and
Zop(s) represent the time delay link and the open-loop
impedance. G,(s) and H(s) denotes the VC based on a
proportional-resonant (PR) controller and LPF, which can be
expressed as

G.(5)=K, + s’i;z )
H(s)=—2 ©)
s+,

where K, K, @1, @, are the proportional gain, resonant gain,
the fundamental angular frequency and the cutoff angular
frequency of LPF.

The open-loop gain of the VC loop is

G,po(s) = (K ¥ ’”]e 3)

s+ @
where Ty is the time delay.
The gain margin (GM) and phase margin (PM) of Gopve(s)
are expressed as

2
GM,, =~ -20lg| [(K, ) + [sz]
T J e
4

27K, 1.,

where /.y is the phase-crossover frequency of Gopve(s).

To guarantee the internal stability of system, GM,. and
PM,. cannot be less than zero. Thus, the boundaries of K,
and K., are derived as

PM =7 — arctan[ K. ] -2zf.T,

<1

T ®)
" oT,
The output impedance of system is given by
GG 17 (G (5)-2,5)] ©)
1+ G, (5)G,(5)
where Z,,(s)=sL., and L., is the equivalent AC inductance.
According to (1) and (5), G«(s) is close to K,,<1 in the
low-frequency region, which causes Zgz(s) not equal to Z,(s).
As a result, the VC with VI control cannot ensure the
accuracy of steady-state low-frequency impedance emulation.
Table 1 shows system parameters. Fig. 2(b) and Fig. 2(c)
depict the bode diagram for output impedance of the grid
emulator and ideal impedance. K,,=0 leads to a severe error
of emulating steady-state impedance in the low-frequency
region, especially for weak-grid emulation. Increasing K,,, can
enhance the impedance emulation but not eliminate the error.
Besides, the cutoff frequency of LPF is usually lower than 1
kHz to avoid the effect of the derivative term in the virtual
impedance [4], [7].
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Fig. 2. The VC with VI control for impedance emulation. (a) Control

diagram. (b) Bode diagram of output impedance with K,=0. (c) Bode
diagram of output impedance with K,=0.8.

Besides, considering transient-impedance emulation
during LVRT tests, the LPF may limit the response time of
impedance variation. According to (6) and Fig. 1(b), with the
increase of impedance difference before and after the
emulated voltage sag, the influence of LPF is more adverse.
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B. Limitation of CC with VA Control

Fig. 3(a) shows the conventional CC with VA control in
the grid emulator with an L filter. Y,(s) and Gi(s) represent the
transfer function of VA and the current controller. The CC is
based on a PR controller.

The open-loop gain of the inner CC loop is

K,s jle.vz, @)
S

s*+ o} L,

Gopcc(s) = [Kpi +

where K,; and K,; are the proportional and resonant gain of
current controller.

K,; is often designed for the zero-steady state error and
shows little phase delay at the phase-crossover frequency f.;,
which can be expressed as [12]

K .
K, o opi (8)
2zf, 20
The GM and PM of Gyp(s) are given by
K .
GM,, ~-20lg| —2— 9
2z f,L,
T
PM,, zﬂ—5—27rfa,Td (10)
To ensure GM>0 and PM.>0, K},; should be designed as
7L
< 11
nE<or an
The output impedance is expressed as
Z, ()+G,(5)G,(s)
Zop(s)=2Z,(s) . : (12)

Z,(s)+G,(s)G,(s5)

According to (11) and (12), K, can be much greater than
1, which ensures that the steady-state Zgz(s) equals Z,(s) at
low-frequency region, seen in Fig. 3(b).

The open-loop gain of external VA control is

1 K. s
G, (s)= K  +—= 13
) Rv+sL‘( , (13)

—sTy
e
s? +a)fj

where R, and L, are the virtual resistance and inductance.
The GM and PM of Gopv(s) are given by

K .
GM , :—ZOIg[”’ j (14)
27 fouL,
V.4
PM,, zﬂ'—E—Zﬂ'fde (15)

where f.,, is the phase-crossover frequency of Gopva(s).

The control plant is a unit gain in Gopva(s), which results in
the interactions between CC and VA control in the grid
emulator with L filters. Fig. 3(c) shows the bode diagram of
open-loop gain with several emulating impedances.

As the emulating impedance decreases, the PM, tends to
be smaller than zero, causing an internal instability problem.
To ensure GM,,>0 and PM,,>0, the emulating inductance
should satisfy

2K T

2 (16)

Thus, the CC parameters and time delay limit the
minimum emulating impedance based on VA control.
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Fig. 3. The CC with VA control for impedance emulation. (a) Control

diagram. (b) Bode diagram of output impedance. (c) Bode diagram of open-
loop gain based on fixed CC parameters with different emulating
impedances.

Additionally, the cutoff frequency of VA control is lower
with the increase of emulating impedance, which weakens the
emulating accuracy of transient impedance. Moreover, it is
not easy to identify the required bandwidth for VA control
due to the nonlinear dynamics during LVRT tests.
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IV. SIMULATION AND EXPERIMENTAL VALIDATION

A. Simulation Validation

In respect to the grid emulator with an L filter, the
modular multilevel converter (MMC) is taken as an example.
A simulation model of an MMC-based grid emulator and a
grid-following DUT is established in the PLECS. Table I
presents the simulation parameters of grid emulation system.

Fig. 4 shows the simulation results of two impedance
control methods. Fig. 4(a) and Fig. 4(b) demonstrate the
zero-voltage ride-through (ZVRT) test results under SCR=3
and SCR=2 of emulating grid by the VC with VI control. At
SCR=3, compared to the PCC voltage and current of the
shunt-impedance-based grid emulator (physical system), the
MMC-based grid emulator shows a slight error in emulating
steady-state low-frequency impedance and transient-state
impedance variation. Nevertheless, as the SCR of emulating
grid decreases, the DUT shows a loss of synchronization
(LOS) phenomenon which amplifies the inaccuracy of
transient-impedance emulation. Moreover, the error of
steady-state impedance emulation by VI control is increased.
Consequently, the desired oscillation cannot be reproduced
by the grid emulator.

Fig. 4(c) illustrates the simulation results of the grid
emulator based on the CC with VA control during LVRT test
(voltage sags to 0.07 p.u.). When the L, is lower than
identified minimum impedance based on CC with VA
control, an internal instability problem indeed occurs.

Fig. 4(d) illustrates the simulation results of the grid
emulator based on the CC with VA control during LVRT test
(voltage sags to 0.2 p.u.). Although the accuracy of steady-
state low-frequency impedance emulation is enhanced, the
low-bandwidth VA control doesn’t ensure accurate transient-
state impedance. It causes different oscillating frequencies

TABLE I SIMULATION PARAMETERS OF GRID EMULATION SYSTEM

Converters ~ Symbol Meaning Value
Vice PCC voltage (/-/, rms) 11kV (1 p.u)
S, Rated power 4 MVA (1 p.u.)
Ly Equivalent ac inductance 5 mH (0.05 p.u.)
fou Equivalent switching 10 kHz
frequency
Jsa Sampling frequency 10 kHz
Grid Ty Time delay 150 ps
emulator
5 Cutoff frequency of LPF 500 Hz
Ky Proportional gain of VC 0.8
Ky Resonant gain of VC 5000
Kpe Proportional gain of CC 40
K Resonant gain of CC 17500
Ni Transformer voltage ratio 11kV/690 V
Ly Leakage inductance 10 mH (0.1 p.u.)
Ls pur Inverter inductance 3 mH (0.03 p.u.)
DUT
K, pur Proportional gain of CC 0.35
Ki pur Resonant gain of CC 100
Jsa_pur Sampling frequency 10 kHz

PCC voltage

—— Grid emulator

Ve (p-u)

i, (p-u.)

Time (s)

@

PCC volatge of physical system

b
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1.0 15 2.0
Time (s)

(d)

Fig. 4. The simulation results for two impedance control methods. (a)
SCR=3 based on VC with VI control. (b) SCR=2 based on VC with VI
control. (¢) CC with VA control (voltage sags to 0.07 p.u.). (d) CC with VA
control (voltage sags to 0.2 p.u.).

during the LOS process between the converter-based grid
emulator and the shunt-impedance-based grid emulator.
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B. Experimental Validation

The closed-loop modulation and energy-based balancing
control of submodule capacitor voltage have been adopted
for the MMC-based grid emulator, which can mitigate the
impact of internal dynamics on the external output [13], [14].
Thus, the MMC-based grid emulator can be equivalent to a
2-level voltage source converter (VSC) with an L filter. To
simplify analysis, an experimental platform has been built by
two back-to-back (BTB) 2-level VSCs, as shown in Fig. 5.
Table II shows the down-scaled experimental parameters.

In Fig. 5, the YASKAWA D1000 converter is used as an
active front end (AFE) to provide the stable dc-link voltage
for the Danfoss inverter. The left-side BTB converter is the
grid emulator and the right-side BTB converter is a grid-
following DUT. The DUT utilizes the LC filter and the grid
emulator adopts the L filter. Further, the transformer of DUT
is equivalent to the ac inductor. Besides the power hardware,
the control hardware employs the dSPACE-1007 and DS2004
A/D sampling board, which is used to implement the control
algorithms of the grid emulator and the grid-following DUT.

Fig. 6 illustrates the experimental results for two
impedance control methods. Fig. 6(a) shows the ZVRT test
with emulating impedance variation at initial SCR=2 based
on the VC with VI control. Similar to Fig. 4(b), the PCC
voltage shows several low-frequency (about 8 Hz)
oscillations after the voltage recovery instant, then keeps
stable operation. It demonstrates that the VC with VI control
cannot correctly reproduce the LOS phenomenon due to the
limitation of emulating impedance.

Fig. 6(b) shows an LVRT test with Z,=0.04 p.u. during
voltage sag by the CC with VA control. At this case, a large
open-loop gain causes the internal instability problem.

TABLE II EXPERIMENTAL PARAMETERS OF GRID EMULATION SYSTEM

Converters  Symbol Meaning Value
Vpee n PCC voltage (-1, rms) 220 V(1 p.u)
Grid Rated power 1.5kW (1 p.u)
emulator
Ly Equivalent ac inductance 5 mH (0.05 p.u.)
Equivalent leakage
Ly e . dpu
- inductance 10 mH (0.1 p.u.)
DUT L pur Inverter inductance 3 mH (0.03 p.u.)
Cpur ac capacitance 15 uF

Conver ter-based grid emulator Passive filters

Oscilloscope

Grid-following DUT

s
Danfoss YASKAWA
inverter D1000

PWM Monitoring HT Sampling l l l

DS2102 D/A board and DS2004 A/D board

YASKAWA Danfoss
D1000 inverter

GUI dSPACE-1007

Fig. 5. The experimental platform for the grid emulator and DUT.
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Fig. 6. The experimental results for two impedance control methods. (a)
Emulating impedance based on VC with VI control. (b) Emulating
impedance based on CC with VA control.

V. CONCLUSION

This paper figures out the issues of impedance emulation
by VC with VI control and CC with VA control in the
converter-based grid emulator with an L filter. Simulation and
experimental results have confirmed that the inaccuracy of
low-frequency (<50 Hz) impedance emulation occurs in the
VI control, which results in failing to reproduce the
intentional LOS phenomenon. Additionally, there are adverse
interactions between CC and VA control, which may cause
the inaccuracy of transient-state impedance emulation or even
internal instability.
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