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Abstract

The introduction of a high-voltage direct-current (HVDC) system based on a modular multilevel converter (MMC) for wind
farm integration has stimulated studies on methods to control this type of converter. This research article focuses on the control
of the AC voltage and circulating current for a wind-farm-side MMC (WFS-MMC). After theoretical analysis, emotional

learning (EL) controllers are proposed for the controls. The EL controllers are derived from the learning mechanisms of the
amygdala and orbitofrontal cortex which make the WFS-MMC insensitive to variance in system parameters, power change, and
fault in the grid. The d-axis and g-axis currents are respectively considered for the d-axis and g-axis voltage controls to improve

the performance of AC voltage control. The practicability of the proposed control is verified under various conditions with a
point-to-point MMC-HVDC system. Simulation results show that the proposed method is superior to the traditional

proportional-integral controller.

Key words: AC voltage control, Circulating current control, Emotional learning, High-voltage direct current, Modular multilevel

converter, Wind power grid connection

I. INTRODUCTION

Wind power, as an alternative to burning fossil fuels, has
become a significant generating source for electricity because
of the ever-increasing demand for reducing greenhouse gas
emissions. As of December 2014, at least 83 countries
supplied total 369,553 MW wind power to grids, and an
annual growth rate reached 20% [1]-[3]. Therefore, a highly
reliable wind power grid connection is necessary to guarantee
high-quality power supply. The faults occurring on the grid or
wind farm can directly affect one another because of the
connection of AC cables. Such cables also need reactive
power compensation [4], [5], [13]. These disadvantages curb
the development of wind power. Over the past few years,
voltage source converter (VSC) high-voltage direct-current
(HVDC) has proven to be a superior solution to wind power
integration [6], [7]. Self-commutated semiconductors enable
wind-farm-side (WFS) VSCs to independently control AC
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voltage and supply passive loads as well as weak grids [8].
Furthermore, modular multilevel converters (MMC) have
advantages over two-level VSCs [9]. MMC capacity is
flexible for expansion with the contribution of modular
topology. MMC harmonics likewise decrease as the number
of sub-modules increases, and thus considerably smaller or
even no harmonic filter is needed for MMCs [10]-[12].

The WFS-MMC acts as an infinite AC voltage source to
collect and transmit wind power to the grid via the grid-side
MMC (GS-MMC). Relevant studies have been conducted on
WEFS converter control. Xu et al. [13] proposed an AC
voltage control with only a feedback control loop via the
modulation index. Lin et al. [14] presented a novel AC
voltage and phase-angle control scheme for WFS converters
of AC/VSC-HVDC hybrid transmission systems. The
converter operates at variable frequency based on an
optimum electrical frequency search algorithm, and a
coordinated control between wind farm and the converter is
developed. In the MMC system, modular topology and
capacitor voltage variation lead to circulating currents among
three phases [15]. The circulating current mainly contains
second-order harmonic components [15]-[17]. Reference [15]
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proposed a circulating current control based on a
proportional-integral (PI) controller in a dq reference frame
without affecting the output voltage and current of the MMC
at the AC side. In [18], a proportional-resonant-type minor
loop is incorporated to regulate the circulating current.

Randomness and difficulty of forecasting are the distinct
features of wind power. These weaknesses, along with
change in local load, introduce challenges to the integration
of large-capacity wind power into a power system. These
challenges include AC voltage stability, power quality, and
effect on weak grid. Thus, a higher level of adaptability for
the control of WFS-MMC is needed. The objectives of this
research are to develop adaptive controllers based on
emotional learning (EL) for controlling the AC voltage and
circulating current of WFS-MMC, as well as to achieve high
performance of WFS-MMC. EL control is a promising
control strategy for AC voltage and circulating current
controls because of its fast dynamic response and robustness.
The learning mechanisms of the amygdala and orbitofrontal
cortex shape the association between output and input [19],
[20], as well as enable the EL controller to be adaptive. The
organization of this article is organized as follows. Section 2
analyzes the WFS-MMC model in a synchronously rotating
dq reference frame. Section 3 presents novel EL control
structures for AC voltage and circulating current controls.
Section 4 describes studies carried out via point-to-point
MMC-HVDC system with a connection of a wind farm in the
Power Systems Computer Aided Design environment. The
section also discusses the advantages of the proposed EL
controllers over the traditional PI controllers under various
conditions. Finally, Section 5 concludes.

II. MATHEMATICAL MODEL

The diagram of a three-phase MMC converter and its
sub-module is depicted in Fig. 1. Each arm includes N (N=380)
sub-modules and a series-connected arm inductance L,; the
sub-module consists of a half-bridge cell. In the normal
condition, the sub-module works in two states: inserting state
with capacitor voltage (denoted by S=1, and v,,,=v¢, T; switch
on, 7, switch off) and bypassing state with zero voltage
(denoted by $=0, and v,,=0, T, switch off, 7, switch on).

A. Mathematical Model of MMC

The voltage equations derived from the AC bus in Fig. 1
are obtained as follows:

di .

Lg 7: =Vsa ~Via ~laRG
di .

LGjtb=Vsb—Vzb—leG (1
di,

L =V, —V,. —Ii.R
Gdt sc tc — 'e'G

where vy; (j=a, b, ¢, means phases a, b, and c) is the voltage at
the point of common coupling. The arm voltage is composed

Fig. 1. MMC topology.

of the AC and DC voltages and can be represented as

=g L
2 dt )
ijm = Evdc + Vt/ - LA ;

where v,/ and v;" are voltages in the upper and lower

arms respectively. These voltages need to be modulated.
Three components exist in the upper and lower arm currents:
i,; and i;;. The currents can be described as follows:

. L. 1.
luj :—Elj +§ldc+lcirj 3
A U @
llj :Elj +§ldc +lC[Ij

where i, is the circulating current that flows among three
phases and can be derived from Eq. (3), as shown in Eq. (4).
The second-order harmonic component dominates i.;;, which
will augment the arm current, reduce utilization of power
electronic devices, and increase capacitor voltage ripple if no
circulating current control is used.

. .. 1
Leipj = lyj TYj _gldc 4

Substituting Eq. (3) into Eq. (1) yields

sm dc
Vil =T Vde =€ = Veirj — %

3 dt

5

sm _ 1 1 dia’c ( )
vij :Evdc*'e_/_vcirj_gLA i

where e; and v,,; denote the inner converter electromotive
force (EMF) and the inner unbalance voltage respectively and
can be shown as
1 di,
i g
dicir‘
Voo = Ly —L 7
cirj A dt ( )

€j

(6)

When the effect of iy, on arm voltage is disregarded, Eq. (5)
can be rewritten as follows:
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' 1
Vij| = Vde =€)~ Veirj
1 ®)
Vlj‘m = Evdc e = Veiry
Replacing v, with e; can change Eq. (1) to
di
e, =Vy —Lg—%—i,R
a sa S dt a*G
diy,
e, =vy —Le—2—0,R 9
b=V ~Ls— "~ inRg )
di. .
€ = Ve _LSTE_ZCRG
where
1
LS :LG +5LA (10)

The AC voltage control is implemented in the synchronously
rotating dq reference frame. Eq. (11) is the voltage equation
derived by transforming Eq. (9) to the dq reference frame.

di .
ey =Veq —LS 7dj +C()leq —ldRG
11
di (b

— q : .
eq = Vsq —LSZ—E()led _lqRG

where o is the electrical frequency. Likewise, Eq. (7) can be
transformed to a double line-frequency, negative-sequence
rotating dq reference frame to obtain Eq. (12).

dig .
Veird = LA ;'ztr - 2wLAlcirq
. (12)
dlcirq .
Veirg = LA dt + 2a)lecird

The circulating current control is designed based on Eq. (12).

B. Mathematical Model of EL

EL helps animals to avoid problems and enables them to
adapt to changes in their environment. This notion inspired
Moren and Balkenius [19] to develop a computational model
that mimics the EL mechanism of the brain (Fig. 2). The
amygdala is a structure that is responsible for the emotional
evaluation of stimuli created by the sensory cortex and
thalamus. The orbitofrontal cortex inhibits emotional
reactions.

The final output of the EL structure, E, is composed of E

from the amygdala and E, from the orbitofrontal cortex, as g

shown in Eq. (13). The amygdala sums 4; nodes that are
acquired by multiplying S;, the stimuli from the thalamus and
sensory cortex, by the plastic connection weight V;, as shown
in Egs. (14) and (15).

E:EA —EO (13)
i
4 =5V; (15)

The learning mechanism of the amygdala is shown below:
V; =V; + aS; max(0, [R—ZAj]) (16)
J

Y

Sensory Orbitofrontal
Cortex Cortex

f v 1

Amygdala —»E

Thalamus

Sensory Input Reward (R)
Fig. 2. EL structure.

where R is the reward function. The learning of the amygdala
is permanent; V; adjusts monotonically with learning rate a.
Inhibition lies with the orbitofrontal cortex. The cortex
obtains E, by summing O; nodes, which are the output after
multiplying S; by connection weights W, as shown in Eqgs.
(17) and (18).

Eg=30; amn

1

O; =S5, (18)
However, unlike the amygdala, the learning mechanism of
the orbitofrontal cortex is not monotonic and is expressed as
W;=W;+PBRo 19)
where f is the learning rate, and R is
max(0,Y 4, -R)-Y.0;
i i
- max(0, Y 4, - >.0;)
j i

1

if R#0

20
otherwise (20)
The proposed EL controllers for the AC voltage and

circulating current controls use the EL mechanism described
above.

III. EL CONTROLLER FOR WFS-MMC

A. Control of WES-MMC

The primary function of WFS-MMC control is to regulate
AC voltage to the desired voltage amplitude and frequency,
as well as provide constant AC voltage for the wind farm.
The entire framework of WFS-MMC control is depicted in
Fig. 3, which mainly consists of AC voltage and circulating
current controls. The corresponding components are
described in the following sections. Nearest-level modulation
is used for the MMC modulation.

B. AC Voltage Control

Both steady and transient control performance must be
evaluated for AC voltage control. The AC voltage controller
can benefit from considering the dynamic factor, which has a

j di
remarkable effect on AC voltage. LS% and sz have
t
significant effects on d-axis and g-axis voltages when power

changes rapidly, as shown in Eq. (11). However, L % and
t

di, . .
L Tq increase the noise of the control system and reduce the
t
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Fig. 5. AC voltage control based on an EL controller.

stability if they are directly used by the controller. The AC
voltage control based on the traditional PI controller is
designed as shown in Fig. 4, which does not include the terms

diy
S dt
In this section, a novel controller based on EL is designed

di
L and L,—~ .
S dt

to control the AC voltage, and its schematic is depicted in Fig.

5. Self-learning of the EL controller is beneficial for
addressing problems caused by wind power randomness,
system parameter variation, and rapid local load change.

The S refers to the elements that affect the inner EMF e.
According to Eq. (11), S utilizes v, and JAvdr; contains i, and
i, for the d-axis and g-axis voltage controls respectively (Fig.
5). With the help of the EL mechanism, the proposed
controller can consider the effects of i, and i, for the d-axis
and g-axis voltage controls respectively. To reduce the
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Fig. 7. Circulating current control based on a PI controller.

dimension of S and simplify the control structure, S does not
include wLgi, and wLgi,, which are regarded as disturbances
for the controller. The functions of S for the d-axis and g-axis
voltage controls are therefore set as Eqgs. (21) and (22). R is
defined to evaluate the control effect. The proportion of error
can be used to describe the real-time control effect, and the
error integral tends to describe the steady control effect. The
proposed EL controller adopts the PI output as the role of R,
as shown by Egs. (23) and (24).

Svsa =[kevsatVsa  Kevsazia  Fovsaz | Avgqdt]” (21
Susg =lkevsgiVsg  evsgaly  Kevsqs | Aviqdt i (22)
Rysa = KeusdaVsg + koyggs [ Avgqdt (23)
Risy = kousgalhvgy + kovsys [ Avg dt (24)

C. Circulating Current Control

iy contains other frequency components besides the major
component, namely, the double line-frequency. The learning
mechanism decreases the noise sensitivity of the EL
controller and helps suppress the circulating current. The use
of the EL controller to control the circulating current is
proposed in this article on the basis of Eq. (12). Similarly, for
the design of AC voltage controller, the block diagram of the
proposed EL controller for controlling the circulating current
is shown in Fig. 6. The S and R of the EL circulating current
controller are defined as Egs. (25)—(28). The traditional PI
controller for the circulating current control (Fig. 7) is
provided for comparison of the effect between the EL and PI
controllers.

. . T
Sicird = [keicirdllicird keicirdZ _[ Alcird dl] (25)

. . T
Sicirq = [keicirqllicirq keiciqu I Alcirth] (26)
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Fig. 8. MMC-HVDC system.

Ricira = keicird3Aiicird +Keiciraa J. Aljipqdt (27)

Ricirq = keicirq3Aiicirq + keiciz‘q4IAiicirth (28)

IV. SIMULATION RESULTS AND DISCUSSION

The system configuration under study (Fig. 8) is composed
of an MMC-HVDC transmission system connected to a
doubly fed induction generator (DFIG) wind farm. The
MMC-HVDC system applies the parameters shown in Table
I. GS-MMC operates in ¥Q mode, which maintains the DC
voltage and controls the reactive power. The wind farm is
modeled as a sum of an aggregated capacity of a single DFIG
wind turbine with the parameters in Table II.

The parameters of the EL controller require tuning to
achieve satisfactory performance. The learning of the
amygdala is monotonous. Increasing a shortens the time the
controller reaches the setting value in the transient process at
the cost of stability. Meanwhile, increasing S decreases the
steady error but worsens the dynamic performance. a is
usually smaller than £ for enhanced stability. The parameters
of the EL controllers for the AC voltage and circulating
current controls are given as Tables I1I and IV respectively.

The simulation results with traditional PI controllers for the
AC voltage and circulating current controls (Figs. 4 and 7)
are carried out to compare their control effects with those of
the proposed EL controllers. The parameters of the PI
controllers listed in Table V are obtained by trial and error to
attain similar control responses.

The control performances are validated by four cases under
different conditions. In all the simulations, the AC voltage of
WFS-MMC and DC voltage of GS-MMC are controlled to
reach the rated value. The reactive power of GS-MMC is
maintained at 0 Mvar (unity power factor). The based values
of the simulation results are shown as Table VI.

A. Case 1: Random Wind Speed and System Parameter
Variation

Under the steady-state operation, random wind speed [Fig.
9(a)] is applied to illustrate the merits of the proposed EL
controllers for AC voltage and circulating current controls.
To show the performance of the EL controller during
disturbance, an inductor L, with a random value from 0 to 0.1
mH [Fig. 9(b)] is connected in series between the wind farm
and the WFS-MMC. The EL controller is also applied for the
circulating current control. Fig. 9 shows the control

TABLEI
PARAMETERS OF THE MMC-HVDC SYSTEM
Parameters Values
Rated power of GS-MMC, WFS-MMC, Trl, and Tr2 200 MVA
Rated frequency 50 Hz
Rated AC voltage of GS-MMC and WFS-MMC 175 kV
Rated DC-link voltage 320 kV
Rated AC voltage of PCC1 and PCC2 230 kV
Winding voltage of Trl and Trl 230/175 kV
Leakage reactance of Trl and Tr2 0.1 p.u.
Arm inductance 50 mH
Capacitance of sub-module 3000 uF
Number of sub-modules in each arm 80
Length of cable 200 km
DC resistance of cable f))h(ﬁ/llii
TABLEII
PARAMETERS OF DFIG
Parameters Values
Rated power 200 MVA
Rated voltage 575V
Rated frequency 50 Hz
Stator resistance 0.00706 p.u.
Rotor resistance 0.005 p.u.
State leakage inductance 0.171 p.u.
Rotor leakage inductance 0.156 p.u.
Magnetizing inductance 29p.u.
Angular moment of inertia 2s
TABLE III
PARAMETERS OF THE EL CONTROLLER FOR AC VOLTAGE
CONTROL
Parameters ~ Values Parameters Values
kevsar 0.8 kevsq1 0.8
Kevsaz 1.5 Kevsg2 1.5
Kevsas 2500 kevsqs 2000
Kensas 15 Kensqs 0.5
Kevsas 2000 kevsgs 500
Olysd 0.0001 Ogg 0.0001
Busa 0.001 Busq 0.0028

performances of the AC voltage and circulating current
controls. Simulation results of the traditional PI controllers
with the same wind speed and LO are depicted in Fig. 10. A
comparison of Figs. 9 and 10 clearly reveals that the
proposed EL controllers achieve more stable controls for the
AC voltage and circulating current with less fluctuation than
the PI controllers. The mean-square error (MSE) values [4],
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TABLEIV
PARAMETERS OF THE EL CONTROLLER FOR CIRCULATING
CURRENT CONTROL
Parameters  Values Parameters Values
keicira 1 keicirqI 1
Keiciraz 100 Keicirg2 100
Keiciras 50 Keicirgs 50
Keiciras 200 Keicirgs 200
Olicird 0.001 Gicirg 0.001
Peira 0002 Py 0.002
TABLEV

PARAMETERS OF THE PI CONTROLLERS FOR AC VOLTAGE AND
CIRCULATING CURRENT CONTROLS

Parameters  Values Parameters Values
kpvxd 02 kpicird 04
kiv.vd 2000 kiicrid 250
kpusq 0.2 Kpicirg 0.4
Kivsq 2000 Kijcirg 250
TABLE VI
BASED VALUES OF THE SIMULATION RESULTS
Parameters Values
Based active power 200 MW
Based reactive power 200 Mvar
Based DC-link voltage 320 kV
Based AC voltage at PCCl1 and PCC2
(including in the dq frame) 187.794 kv
Based circulating current of WFS-MMC 0.933 kA
TABLE VII
MSE VALUES OF THE EL CONTROLLER AND THE PI CONTROLLER
IN DIFFERENT CASES
EL Pl Improvement

Case MSE Controller  controller Rate (%)

MSE(vy,) 0.000010 0.000037 73.5

MSE(v,,) 0.000047 0.000102 53.6
Case 1

MSEC(, ;) 0.000021 0.000069 69.2

MSEC(cir,) 0.000014 0.000070 80.0

MSE(vy,) 0.000008 0.000019 55.8
Case 2

MSE(v,,) 0.000031 0.000045 31.9

MSE(vyy) 0.000010 0.000037 72.7
Case 3

MSE(v,) 0.000047 0.000103 54.5

MSE(vy,) 0.000013 0.000066 79.9
Case 4

MSE(v,,) 0.000057 0.000123 53.7
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Fig. 9. Simulation results of EL controllers for AC voltage and
circulating controls in Case 1.
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Fig. 10. Simulation results of PI controllers for the AC voltage
and circulating controls in Case 1.

[21] of V4, Vg, icira» and iy, improve 73.5%, 53.6%, 69.2%,
and 80%, respectively, as shown in Table VII.

n
MSE(val ) = %Z (val; —val,o¢ )? 29)
i=1

B. Case 2: Local Load Rapid Change

This case is similar to the case above, except that the local
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Fig. 13. Simulation results of the EL controller for AC voltage
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Fig. 15. Simulation results of the EL controller for AC voltage
control in Case 4.
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Fig. 16. Simulation results of the PI controller for AC voltage
control in Case 4.

load at PCC1 rapidly changes from 0 MW to 100 MW
(0.5 p.u.) as shown in Fig. 11(a), and no L, is included. The
simulation results in Figs. 11 and 12 show that the proposed
EL controller provides more stable control with less effect on
the DC voltage than the traditional PI controller. The
respective maximum and minimum of DC-link voltage are
1.0367 and 0.9604 p.u. for the EL controller when the local
load rapidly changes, and 1.0413 and 0.9501 p.u. for the
traditional PI controller. As shown in Figs. 11(e) and 12(e),
the rapid change did not significantly influence the AC
voltages for both controllers.

C. Case 3: AC Voltage Fault in the Grid Side

In this case, a single-phase voltage sag at PCC2 with a
magnitude of 0.5 p.u. and a duration of 100 ms is
implemented to show the transient behavior of the AC
voltage control during a major system fault. Figs. 13 and 14
give the simulation results based on the EL and PI controllers
in this case. Figs. 13(d) and 14(d) show that no significant
distortion exists in the AC voltage during the fault in the grid
side.

D. Case 4: DC Voltage Sag at GS-MMC

The AC fault in the previous section is blocked by the DC
link and slightly affects the WFS-MMC. In this case, a DC
voltage sag at GS—-MMC with a magnitude of 0.2 p.u. and a
duration of 50 ms is implemented to show the transient
behavior of the AC voltage control during the DC voltage
fault. The influence of the DC voltage sag on WFS-MMC is

directly related to the AC voltage. Given Eq. (11), LS%
t

di
and LSTI significantly affect the AC voltage in the
t

transient process. A comparison of Figs. 15 and 16 reveal that
the proposed controller offers superior performance with
much smaller fluctuation in the transient process. For the EL
controller, vy, lies in [0.9468 p.u., 1.0691 p.u.] and v, lies in
[-0.0481 p.u., 0.0382 p.u.]; for the PI controller, the values
are [0.7294 p.u., 1.2685 p.u.] and [—0.2840 p.u., 0.2284 p.u.]
respectively.

V. CONCLUSIONS

The major contributions of this study are the successful
construction of novel EL controllers for AC voltage and
circulating current controls based on the EL in amygdala and
orbitofrontal cortex, as well as the consideration of the d-axis
and g-axis currents on d-axis and g-axis voltage controls
respectively to improve the AC voltage control effect. The
effectiveness of the proposed controllers is confirmed under
different conditions in comparison with traditional PI
controllers. The MSE values in Table VII show that the
proposed controllers significantly improve the four cases.
Particularly, for the DC voltage sags at GS-MMC, v,; and vy,
fluctuated much less than those of the PI controller.
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