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Voltage Source Converter Control under Distorted
Grid Voltage for Hybrid AC-DC Distribution Links

Yang Wu, Aditya Shekhar, Thiago Batista Soeiro and Pavol Bauer

Abstract—Back-To-Back (B2B) Voltage Source Converter
(VSC) with AC-side LCL filters can be adopted for parallel AC-
DC distribution links. In this paper, Grid-side Current Control
(GCC) for the inner/fast control loops of the front- and back-
end power electronics are implemented in order to enhance the
system performance against grid disturbances. Herein, a notch
filter-based GCC scheme with a harmonic rejection control is
proposed which is able to deliver attenuation to the LCL filter
resonances while suppressing the harmonics in the grid-side
currents originated when the AC voltages are distorted. The
results obtained in MATLAB/SIMULINK and an experimental
prototype show that the studied GCC method can successfully
mitigate the influence of grid voltage harmonics, while providing
a stable power control for the hybrid AC-DC distribution links.

Index Terms—Grid-side current control, notch filter, harmonic
rejection, hybrid AC-DC distribution links.

I. INTRODUCTION

Recent studies indicate that hybrid AC-DC distribution
links as depicted in Fig.1 have a potential application in
capacity enhancement and efficient power redirection under
specific operating conditions, particularly for high power,
medium voltage level and moderate distribution distances,
e.g. 5...20 km, [1]-[4]. Back-To-Back (B2B) Voltage Source
Converters (VSCs) with long DC buried cables in-between the
transmitting- and receiving-end substations can be a feasible
refurbishment strategy to such parallel AC-DC link architec-
tures [5], [6].
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Fig. 1: Illustration of a hybrid AC-DC distribution link. A low
impedance path for low frequency order zero-sequence current
components is shown in-between the parallel system.

Different VSC topologies such as the conventional 2-level,
3-level Neutral-Point-Clamped (NPC) or Modular Multilevel
Converters (MMC) have been employed for high power appli-
cations [7]. While MMCs have some performance advantages

at medium voltage in such grid-connected applications [8],
[9], e.g. better harmonic performance, the 2-level and 3-level
VSCs have relatively lower operational complexity and cost as
they typically employ less number of semiconductor switches.
The later power electronic technologies can still achieve
good current/voltage harmonic performance and compliance
with the respective grid-connection requirements/standards by
implementing high order passive AC filtering, such as the LCL
filter configuration [12] and [13].

This paper focuses on the control challenges of operating
VSCs with LCL passive filters under distorted grid voltage.
Herein, for the fast/inner feedback control loop the direct
measurement of the grid-side currents of the LCL filter has
been chosen over the converter-side current measurement
because a strict rejection of the undesirable effects created
by the distorted grid voltages is desired. Generally, from the
stability stand-point the choice of the controlled current side
of the LCL filter, that is Grid-side Current Control (GCC) or
Converter-side Current Control (CCC) depends on the relation
between the resonance frequency, f, of the LCL filter and
the critical frequency, f., which is defined by the sampling
frequency of the digital control, f,, where f. = % fs [10]-
[12]. Specifically, according to [10], CCC is preferred if fies
is smaller than f.. On the other hand, GCC is recommended
if fies lies between f. and % fs [10], [11]. Therefore, a robust-
oriented design of the LCL filter have the resonance frequency
located within the assigned stable region according to the
employed feedback digital control scheme.

Note that even when the LCL resonance frequency falls
in an unstable region for the GCC or CCC schemes, stable
current feedback control can be achieved by other additional
means, e.g. addition of an external circuit able to suppress
any AC voltage or current resonances. For example, passive
circuit damping has a satisfactory performance with the trade-
off of extra power loss [14]. Active Damping (AD) meth-
ods have been widely investigated and they can effectively
solve the resonance influence at the cost of reduced control
bandwidth [15]. Virtual resistor and notch filter-based active
damping are the two most used AD methods. For imple-
menting virtual resistors the control loop typically requires
the information/measurement of the filter capacitor voltage
(or current). This information is used in an equivalent feed-
forward control loop to mimic the effects of a damping resistor
seen by the capacitor voltage.

Notch filter can realize effective damping while maintain-
ing a single current measurement for the feedback control



loop [16]. Design guidelines for this solution has been pro-
posed in [16]-[18], where the depth and width of the notch
filter are set as a trade-off to minimizes its influence on the
open loop gain of the current control in the low frequency
region.

Grid voltage feed-forward can not effectively mitigate the
influence from its voltage distortions and a Harmonics Rejec-
tion (HR) controller is required in order to realize power deliv-
ery with satisfactory current waveform and power ripples [19].
In this paper, a notch filter-based resonance damping and low
order harmonic rejection controls are combined in the grid-side
current control scheme to increase the robustness against the
grid disturbances while preventing instability created by the
resonance of the LCL filter. The paper tests the highlighted
control concepts both through simulations and experiments
using a single VSC connected to a distorted grid voltage with
the future goal of realizing the same in a parallel AC-DC link
system.

The paper is structured as follows: Section II presents the
description of the parallel AC-DC link and suitable feedback
control scheme. The analysis of a Notch filter damping and
harmonic controls are shown in Section III. Simulation results
are given in Section I'V and the experimental results are shown
in Section V. Conclusion and future work are presented in
Section VI.

II. SYSTEM DESCRIPTION

A. Parallel AC-DC Operation

Parallel AC-DC re-configurable link system can implement
purely DC, AC and hybrid AC-DC power delivery. Parallel
AC-DC operation (as depicted in Fig.1) is a special configura-
tion [4]. In this operation, the main grid delivers power to loads
(P and Q) in part by both AC and DC links using the power
steering capability of the B2B system. The AC/DC converter
is responsible to control and build-up the DC-link voltage
while the DC/AC converter is responsible to control/inject
the required active and reactive powers demanded by the
loads. In such operating conditions, current distortions in the
DC/AC converter will flow through the AC link in parallel,
thus resulting in additional losses.

For example, it was shown in [22] that although the system
constitutes a three-wire point-to-point configuration a low
impedance path for the Zero Sequence Circulating Currents
(ZSCC) exists between the two parallel AC and DC links.
The path of these currents are shown in Fig. 1. As it can be
notice the AC filtering inductances and cable impedances are
the main elements limiting the ZSCC.

Additionally under distorted grid voltage the capacitor of
the LCL filter acts as a sink to harmonic currents. While GCC
can reject these currents from flowing via the parallel AC link,
it could be that the necessary bandwidth is restricted by the
resonant frequency of the LCL filter. The paper deals with this
specific issue using an active damping method.

B. Vector Control in Rotating Frame

Fig. 2 shows the control diagram for the VSC. An outer
control loop is used to either regulate the DC-link voltage
(rectifier) or control the active power (inverter). A fast/inner
controller controls the corresponding grid-side currents (Sec-
tion II-C). The grid synchronization information is obtained
by means of a Phase-Lock-Loop (PLL). The control method
presented in this paper is realized in dq0 frame.
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Fig. 2: Control Diagram for both AC/DC and DC/AC convert-
ers.

1) Power Control: In dq-frame, the active and reactive
power are proportional to d- and g-axis components of the
grid current respectively as described by eqgs. (1) and (2).

2
iy = P; 1
21 3V, (b
% 2 *
7’q = 3‘/5(1 Qs (2)

Where V4 is the d-axis component of the grid voltage.

2) DC Link Voltage Control: The block diagram for
the voltage controller cascaded with the composite control
plant [24] is shown in Fig. 3.
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Fig. 3: DC bus voltage control diagram.

The voltage controller regulates V2 and generates the active
power reference through the PI control based compensator



Gy(s). T is the time constant of the DC bus dynamics which
is proportional to the product of AC side inductance of the
VSC and the steady-state real power flow [24].

C. Grid-current Control of VSC filtered by LCL

Fig.4 presents the GCC block diagram, where G.(s) is the
current controller given by (3) and Gy(s) is the feed-forward
control of the grid voltage.

Ge(s) = ky + % (3)

Ga(s) = e *T represents the digital controller delay due
to sampling, where 7' is the digital control delay time with
one-sample delay (i.e., T =T, = %), which is applicable for
typical digital implementations [7]. Giy(s) is the combined
Transfer Function (TF) of the PWM modulator and respective
digital sampling and delay. PWM delay is approximately
modelled as a zero-order-holder (ZOH) and Gj,, can be math-
ematically derived by eq. (4) if synchronous PWM sampling

is considered [20],
11—eh
T S

where Kpym is the ratio between DC voltage and the amplitude
of the triangular carrier.

Ginv(s) = kpwm ~ kpwmeio'SSTs 4

Vg
LCL Filter Model |

Fig. 4: Current control model of grid-connected VSC with
LCL Filter.

The TF from the converter output voltage u,y to the grid
side current ¢; and converter-side current i, can be derived
as (5) from the LCL filter model shown in Fig.2.

4 1 !
Glg =
Uiny (8) SLCLng 2+ wr2es 5
G (s) S ;
S pr—
Uiny chLng s2 4+ wrQes

where the resonance frequency is derived as:

Le+ Ly
res — —_— 6
e =\ LeLyCr ©)

III. NOTCH FILTER BASED GCC WITH HARMONIC
CONTROL

A. Grid-side current Control with Notch Filter

To solve the LCL resonance problem when f. falls into
the unstable region for the GCC scheme, a notch filter was
recommended by [14] to provide required attenuation at cor-
responding frequency range. The notch filter G, (s) is added in
the control loop as shown in Fig. 4. According to [19], the TF

from converter voltage to grid side current with the damping
ratio ( is given by (7).
1 1
(s) = 3 5
8L LgCy 52 + 2(Wress + w,

res

ig
Gumv_d

)

The corresponding notch filter TF can be derived by dividing
eq. (7) by eq. (5) and is given by (8),

GE 4(s) 52 + w?
Gn(s) _ imv_d = - res . (8)
Gin(5) 57 1 20Wress + e

The TF from (8) is modified to (9) to take into account the
damping provided by the internal resistances of the various
VSC system components.
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Fig. 5: Open loop bode plot of GCC with notch filter AD.

Herein, (¢, and (, are the damping factors that can be
determined based on the design requirements, i.e.,attenuation
and width of the notch filter as discussed in [12]. Fig. 5
shows the open loop bode plot of the current control with and
without notch filter. Therein, the LCL parameters are given
as L = 1.5mH, Ly = 1.5mH and C; = 20 uF based on
the parameters of the two available 5 kVA lab-scale VSCs
which will be used in this paper to verify the study developed
here [25]. In order to model the effects of the AC filter
inductor and semiconductor losses of the VSC an equivalent
resistor is added in series with each inductor. This resistor is
assumed to be 0.2€) and it is back calculated based on the
measured efficiency of the VSC. Herein, the PWM sampling
frequency is 16kHz. k, = 3.5 and k; = 1600 are selected for
control according to the frequency-response method, which is
also called loop shaping. Without any damping, the current
loop is unstable according to Nyquist Stability Criterion as
a negative Gain Margin (GM) is observed. With the notch
filter active damping (¢, = 0.9, (, = 0.01), positive GM
of 15dB and Phase Margin (PM) of 53° are provided. The
stability is achieved by sacrificing the control bandwidth as



the gain in the frequency range corresponding to the notch
filter decreases. Stability can also be improved without using
a notch filter if smaller loop gain is chosen. However, this
method results in relatively greater reduction in bandwidth of
the current controller as the smaller gain corresponds to the
entire frequency spectrum.

B. Harmonics Rejection Control

1) Grid Impedance Analysis: The distorted grid voltage V,
can be regarded as a disturbance term as depicted in Fig. 4.
This distortion can influence the grid current quality because
the capacitor of the LCL filter acts as a high-frequency sink
for these harmonics. This is specifically undesirable because
the resulting harmonic currents will flow through the AC link
in parallel, leading to additional losses. Therefore, a resonator-
based harmonics controller is adopted based on the harmonics
impedance shaping method discussed in [19], [20]. The control
output for the GCC is given by (10),

G(5)Giin(5) |, Grls) = Gt (8

lg = lref g
1+ G(s)GE, (s) 1+ G(s)Gi,,

where G(s) = G¢(8)GotenGa(S)Giny(s) and Gg(s) represents
G(8)G4(5)Giny(s). The TF of the equivalent grid impedance
is given by (11),

10)

1+G( )Gumv(s)
Gr(s) — G¥,.(s)

The filter-related admittance TF are fixed once the LCL
parameters are selected. However, resonators can be added to
the current controller to shape the grid impedance TF.

In stationary («3) frame, PR (Proportional Resonant) is
used for tracking the sinusoidal reference at fundamental
frequency. Adding harmonic resonators (HR) in parallel with
the PR compensator will not affect the reference tracking capa-
bility and can effectively increase those harmonic impedances,
as shown in Fig. 6.
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Fig. 6: Bode plot of Z, with PR and PR+HR controller

The TF of PR + HR controller are given by (12),

GPR+HR(s>=kp+82+w2+ Z 82+w (12)
N————

h=1,2,3---

PR
HR

where wy, is the frequency of the harmonics to be eliminated

(for example, 5y, and 7y, harmonics are depicted in Fig. 6).
2) Harmonics Controller in dq Frame: The positive and

negative sequence harmonic frequencies are expressed by (13)

and (14),
.
w_ =

After one fundamental frequency unit shift, the frequency in
dq frame becomes:

Bn+lwt, n=1,2,3---
—Bn—1Nwt, n=1,2,3---

13)
(14)

s)

Wag+ = 3nwt, n=1,2,3---
(16)

Wdg— = —3nwt, n=1,2,3---

Therefore, one resonator in dq frame is used to reject adjacent
positive and negative-sequence harmonics. as shown in Fig. 7.

SPWM

¥
Switch Commands

kb, 87+ (hay)’

Fig. 7: Current controller structure with PI + HR in dq frame

Sinusoidal PWM (SPWM) instead of Space-Vector Pulse-
width Modulation (SVPWM) is chosen because the latter will
introduce zero-sequence terms to the modulated voltage [21].
A method to mitigate the resulting ZSCC in hybrid AC/DC
distribution links is discussed in [22].

3) Phase Margin Improvement with Lead Filter: The imple-
mentation of the harmonics resonators increases the harmonics
impedance at the cost of phase margin detriment around the
selected frequency. To improve phase margin, the loop gain
has to be sacrificed. Lead filter is a good phase compensa-
tion option as it can provide a maximum of 90° increase
at an specific frequency while zero-compensation can only
provide a maximum of 45° phase increment [14]. To avoid
the gain decrease below the selected frequency, the lead filter
is connected directly to the resonator. Each resonator has its



corresponding lead filter, which provides phase increase at the
selected frequency.

IV. SIMULATION RESULTS

The system parameters used for the presented simulation
results are listed in Table. I.

TABLE I: System Parameters for Simulation

Parameter Value
ngLc 1.5mH
Cr, Cac 20 uuF , 600 ;1F
Riink 05Q
Vs Ve 230V, 1kV
fm s fsw o s 50Hz, 16kHz , 16kHz
Pac , Pyc » Pload S5kW, 5kW, 10kW
Qac » Qdc » Quoad | 0VAR, 0 VAR, 0 VAR
kp , ki s km 3.5, 1600 , 8000

Rijink 1s the resistance of single conductor, with AC link
having three conductors while DC link having two conductors.
Py, Py are the active power and @Q,., Q4. are the reactive
powers of the AC and DC links. The simulation results test
the operation of a single VSC delivering 5 kW DC load while
connected to a distorted ac grid voltage with 2% 5;, and
7:r, harmonics. The stability of the grid current control with
notch filter is firstly verified, as shown in Fig. 8. It can be
observed that the system becomes unstable when the notch
filter is disabled at 0.8s.

Notch filter disabled at 0.8s N
10 X\ /X\
) \>C

-10

w

Grid-side Current (A)
[}

15 . . .
0.78 0.785 0.79 0.795

0.8 0.805 0.81 0.815 0.82
Time (s)

Fig. 8: Power control of the VSC at P,.y = 5kW (PI+Notch).

Fig. 9 shows the performance of the harmonics controller.
Grid current Total Harmonic Distortion (THD) is reduced from
13.31% to 0.48%, which is close to the THD of the grid-
side current (0.3%) under ideal/purely sinusoidal 50 Hz grid
voltage.

V. EXPERIMENTAL VALIDATION

The VSC shown in Fig. 10 works as a STATCOM and
delivers reactive power to a grid. Fig. 11 shows the results
when the converter delivers 1.5kVAR with purely sinusoidal

500 : —
S 2% Sm, 2% T 0 the grid voltage
S AN Vet AN Yl
<
3 0
>
=2
=
1G]
-500

0.78 0.785 0.79 0.795 0.8 0.805 0.81 0.815 0.82

-10 1

HR controller disabled at 0.8s ",
0.78 0.785 0.79 0.795 0.8 0.805 0.81
Time (s)
Fig. 9: Power control of the VSC at P..; =
(PI+HR+Notch)

Grid-side Current (A)
(=)

0.815 0.82

S5kW

50Hz grid voltage. The THD in the measured grid-side current
is 1.4%. Fig. 12 shows the measured converter output current

* Single grid

& _connected VSC

Fig. 10: Experimental setup showing a single grid connected
VSC operating as a STATCOM under distorted voltage
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Fig. 11: Measured wave-forms with purely sinusoidal 50 Hz
grid voltage.

wave-forms with and without HR control under distorted grid
voltage. The 54, and 7, harmonics in the grid-side current
reduced from 15.7% and 6.7% to 2% and 1.9% respectively
after the harmonics resonators are implemented in the control.
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Fig. 12: Measured converter output currents under distorted
grid voltage.

The total harmonic distortion (THD) for the grid-side current
is reduced from 18.86% to 7.3%.

VI. CONCLUSION AND FUTURE WORK

A grid side current controller with notch filter and harmon-
ics resonator is proposed in this paper to implement stable
power control in hybrid AC-DC distribution links under dis-
torted grid voltage conditions. Simulation results show that the
proposed controller (PI+Notch+HR) can effectively mitigate
the harmonics components in the grid current and reduce the
power ripples under grid distortion while maintaining stability
from the LCL filter resonance. With precise power control in
hybrid AC-DC links, the VSCs adjust the currents in the AC
links by controlling the power injected to the load through the
DC distribution path. As future work, the control scheme will
be implemented experimentally in a parallel ac-dc link system
to demonstrate its working along with ZSCC control.
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