Turkish Journal of Electrical Engineering & Computer Sciences Turk J Elec Eng & Comp Sci
(2015) 23: 1558 — 1570

© TUBITAK
TUBITAK Research Article doi:10.3906/elk-1402-120

http://journals.tubitak.gov.tr/elektrik/

A novel control method for a VSC-HVDC system in a grid-connected wind farm

Yingpei LIU*, Ran LI
School of Electrical & Electronic Engineering, North China Electric Power University, Baoding, P.R. China

Received: 12.02.2014 . Accepted /Published Online: 05.07.2014 . Printed: 30.11.2015

Abstract: The voltage source converter-high voltage direct current (VSC-HVDC) transmission is the ideal integration
technology for grid-connected wind farms. A passivity-based control (PBC) method for VSC-HVDC when the wind farm
voltage is unbalanced is proposed in this paper. The mathematical model of a VSC with unbalanced voltage is established.
The PBC theory including dissipation inequality and system strict passivity is introduced, and then the stability of PBC
is proven in light of the Lyapunov stability theory. According to PBC theory, a Euler-Lagrange mathematical model of
a VSC is constructed. After that, the strict passivity of the VSC is proven. On the premise of the power factor being
1, the PBC controller for the VSC-HVDC system is designed under d-q coordination. The control law is deduced in
detail. In order to accelerate the convergence speed, dampers are added to the PBC controller. The decoupled control
of the active power and the reactive power is achieved by this method. The dynamic and steady performances of the
VSC-HVDC system in a grid-connected wind farm when the wind farm voltage is unbalanced are significantly improved.
Furthermore, the robustness of the system is enhanced. The simulation results verify the feasibility and correctness of
the method.
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1. Introduction

Wind energy resource distribution is an important regional issue. Furthermore, the rich regions with abundant
wind energy resources are often far away from the load centers. Therefore, a wind farm connected to the power
grid must go through long-distance transmission [1,2]. To ensure good economics and stability, how to connect
the wind farm to the power grid has become the focus of scholars’ study.

Voltage source converter-high voltage direct current (VSC-HVDC) technology is a new generation of
HVDC transmission technology based on VSC and purse width modulation (PWM) technologies. VSC-HVDC
technology has high flexibility and controllability, which can simultaneously provide the active power and the
reactive power support to the system. The stability and transmission capability of a power system can be
significantly improved using VSC-HVDC technology. The voltage level of the point of common coupling is
stable. VSC-HVDC is the ideal transmission for large wind farms connected to a power grid.

Currently, many studies on VSC-HVDC control strategies have been published, but most are based
on ideal conditions with AC voltage balanced [3-9]. The control strategy for VSC-HVDC when AC power is
unbalanced is researched less often. However, the AC voltage is not entirely balanced, and short circuit faults and

break line faults are inevitable. In the grid-connected wind farm, when the wind farm voltage is unbalanced, the
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VSC-HVDC system controller built under balance voltage will not be able to maintain system stability control
requirements; the stable operation ability of the VSC is also seriously affected, which results in bad output
voltage quality. Furthermore, direct current voltage fluctuation causes transmitted power fluctuation, which
will affect the stability of the entire system through the transmission lines. Therefore, it is necessary to study
VSC-HVDC system control strategy with unbalanced wind farm voltage, aiming at improving VSC-HVDC

system performance when AC voltage is unbalanced.

The VSC control strategy directly impacts VSC-HVDC performance. Traditionally, a PI controller is
used in double closed-loop control. Although a PI controller has a simple structure, it has some flaws; for
example, its robustness to parameters is poor. Therefore, it does not meet high performance requirements. On
the contrary, the passivity-based control (PBC) theory has shown superior control performance. From the point
of view of energy, PBC theory seeks the energy function related to the controlled variable. With the designed
passive controller, the energy function tracks the expected energy function so as to achieve control objective.
In detail, the reactive component in the energy dissipation characteristic equation of the system is configured
in order to force the system’s total energy to track the expected energy function. Therefore, the stability of
the system is ensured, the system state variables asymptotically converge to their set values, and the outputs
of the controlled object asymptotically converge to the desired values. Compared to the linearization control
method, the superiority of the PBC method lies in the designed passive controller, which focuses on the natural
properties of the object. Accordingly, the robustness of the system is effectively improved. The control law

designed for PBC ensures that the system is globally stable with no divergent singular point.

A 4-dimensional hyperchaotic system based on PBC strategies is realized here. First, a periodically
intermittent controller is used to stabilize the system states to equilibrium and to achieve the projective syn-
chronization of the system, in both its periodic and hyperchaotic regimes. Then, based on the stability properties
of a passive system, a linear passive controller is designed to drive the system trajectories asymptotically to the
origin, which only requires the knowledge of the system output [10]. The control of a passive plant utilizing
strictly passive feedback as motivated by the passivity theorem is studied. The theoretical results in the study
are applied to a number of application examples, demonstrating that a much broader class of controllers can
deliver closed-loop global stability and asymptotic convergence [11]. For the high-performance torque tracking
and the flux observer of the induction motors, a passivity-based tracking controller and adaptive observer are
proposed. An adaptive controller is developed based on the Lyapunov stability theory to realize the online
estimation of the flux magnitude, motor speed, and stator resistance. Simulation results show that the proposed
adaptive-observer-based passivity tracking control strategy can effectively improve the static and dynamic per-
formances of the induction motors [12,13]. The PBC method is also successfully used for permanent magnet

linear synchronous motors [14] and permanent magnet synchronous motors [15].

In this paper, a passivity-based control method for VSC-HVDC in a grid-connected wind farm when the
wind farm voltage is unbalanced is put forward. The VSC mathematical model under unbalanced voltage is
established. On this basis, a VSC Euler-Lagrange (EL) mathematical model is constructed. The strict passivity
of VSC is proven. On the premise of the power factor being 1, the PBC controller for the VSC-HVDC system is
designed under d,q coordination. The control law is deduced in detail. In order to accelerate the convergence
rate, dampers are added to the PBC controller. The decoupled control of the active power and the reactive
power is achieved by this method. The dynamic and steady performances of the VSC-HVDC system when the

wind farm voltage is unbalanced are significantly improved.
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2. The VSC mathematical model under unbalanced power grid voltage

The main circuit topology of VSC in which a 3-phase-bridge circuit is adopted is shown in Figure 1, where,
€q,€p, €. are the 3-phase voltages of the wind farm; i,,%,i.are the 3-phase currents; upcis the DC voltage;
Ris the equivalent resistance between the wind farm and the VSC; Lis the equivalent inductance between the
wind farm and the VSC; C'is the DC-link capacitor; iy is the load current; and N is the neutral point of the

power grid.

Figure 1. The main circuit topology of VSC.

From Figure 1, when the wind farm voltage is unbalanced, the values of e, ey, ecand 4,1, i, are shown
by Eq. (1).

{ea+eb+ec7é0 )

lq +1p +ic =0
The mathematical model of VSC is shown in Eq. (2).

di .
LG = eq — Rig — (8aupc + uoN)
di .
L%t = ey — Riy — (syupc + uon)
1d

7 = €c — Ric — (scupc + uon)

d . . . .
CHLC = iy5, + ipSp + icSc — iL)

In Eq. (2),5q, S, scare the switching functions of VSC, which are defined as follows:s;(j = a, b, c) = 1when the
upper bridge arm turns on ands; = Owhen the lower bridge arm turns on; uoy is the common point voltage of
the lower bridge arm.

Eq. (3) is derived according to Eqgs. (1) and (2).
1
UON = g[ea +ep+ec— (Sa+ sp+ Sc)upc] (3)

1560



LIU and LI/Turk J Elec Eng & Comp Sci

Eq. (3) is substituted into Eq. (2), and then the mathematical model of VSC with unbalanced AC voltage is
obtained as shown in Eq. (4).

L% =e, — %(ea +ep+e.)— Rig — (728“_?_30 Jupc
L% =ep — %(ea +ep+e.)— Rip — (723”_3“_36)1@0

deig =€, — %(ea +ep+e.) — Ri. — (725073”75“ Yupc

CHLC — 5, + iysp + icsc — ir
Through the 2-phase synchronous rotating d, g transformation, the mathematical model of VSC with unbalanced
AC voltage in a synchronous rotating reference frame is represented in Eq. (5).

L% =ug — Rig+wliqg — squpc

L% =Ug — R’iq —wlig — SqUDC (5)

2 vdupc __ . s 2,
sCRC = sqiq + sqiq — FiL

In Eq. (5), ug,uqare the d,q components of e,, ey, ecrespectively; iq,i, are the d,q components of i, ip, .

respectively; and sq, s, are the d,q components of sg, sp, 5¢.

3. The theory of PBC and its stability proof
3.1. The theory of PBC

Consider the nonlinear system
, (6)

where x € R",u € R™.
Assume f(0,0) = 0. There exists a continuously differentiable and positive semidefinite function V'(x),

which is called storage function, such that

V(z(t)) = V(z(0)) < /0 uTydt. (M)

Eq. (7) is the dissipation inequality. From Eq. (7), it can be seen that the sum of system energy growth is
always less than the sum of external injection energy. That is to say that the operation of the system of Eq.
(6) is always accompanied by loss of energy.

If there exist a positive semidefinite storage function V(z)and a positive functionQ(z), such that VT >0,

T T
V(@(T) - V(@(0) < /0 oTydt — /O Q(a)dt, (8)
V <uly—Q(x), 9)

then the system of Eq. (6) is strictly passive. From the above, it can be seen that passivity is closely related to

the input and output of the system.
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3.2. The stability proof of PBC

Considering the strictly passive system of Eq. (6), there exists a continuously differentiable storage function
V(z) that satisfies Eq. (9). Considering v = 0,V¢ > 0, we can then get Eq. (10).

V<-Q) <0, Yt>0 (10)

Eq. (10) indicates that the strictly passive system of Eq. (6) meets the Lyapunov stability condition. Then
x = 0 is the asymptotic stability of the equilibrium point, and V(z) is the Lyapunov function.

3.3. The EL mathematical model of the passive system
The EL mathematical equation of the passive system of Eq. (6) is shown in Eq. (11).

Mi+Cx+ Rxr=u (11)

In Eq. (11), M is a diagonal positive matrix, C' is an antisymmetric matrix, R is a symmetric positive matrix,
and wu is the input of the system.

The energy function is chosen as

1
V= 5asTWx, (12)
where W = MR™'M is a positive symmetric matrix.
Then,
V=2"TMR 'u— 2" Nz — 2" Mz, (13)

where N = M R~1C'is a symmetric matrix.

Thus,z” Nx = 0. Eq. (14) is obtained from Eq. (13).
V=2"MR u—2"Mzx (14)

In Eq. (14), we choose Q(x) = 27 Mx. Because Mis a diagonal positive matrix, Q(z) > 0. Definey? =
#TMR~!, and then through integral transformation for Eq. (14), Eq. (15) can be obtained.

V(a(t)) - V((0)) < / wydt — / Q) dt (15)

From Eq. (15), we can see that the system of Eq. (6) as described by Eq. (11) is strictly passive, and x = Ois
the asymptotic stability of the equilibrium point.

4. Design of PBC controller for VSC-HVDC system
4.1. The passivity verification of VSC
Eq. (16) is transformed from Eq. (5).

L 0 0 L}T 0 —wL sq4 id R 0 0 id Ug

0 L O L% |+ | wL 0 Sq iq +1 0 R O iq =| uqg

0 0 %C’ dudil-zc —Sq4 —Sq4 O Upc 0 0 BI%L Upc 0
(16)
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In Eq. (16),R,=%2< Ry is the equivalent resistance of the DC link.

irL

The EL model of VSC shown in Eq. (17) is obtained from Eq. (16).

Mz+Jr+Rr=u (17)

In Eq. (17),M is a diagonal positive matrix; R is a symmetric positive matrix; J is an antisymmetric

L 0 0 1 iq 0 —wlL sy R 0 O
matrixy M = 0 L 0 ix=| m2 | =] g ;J=1 wL 0 s¢ |;R=10 R O
0 0 %C’ T3 Upc -84 —84 0 0 0 ﬁ
Uq
and u= | uq
0

The energy function of VSC V; = %xTM xis chosen. Eq. (18) is calculated by differentiation operation
of V4 and then substitution of Eq. (17) into it.

Vi =a2"Mi =27 (u— Jz — Rz) (18)

In Eq. (18), since J is an antisymmetric matrix, =7 Jz = 0.
Therefore, Eq. (19) is obtained.
Vi =zTu— 2" R (19)
According to Eq. (19), we now definey = rand @ () = 27 Rz, and then Vi <uTy—Q (). Considering that

Q (z)is a positive function, Eq. (19) accordingly meets the dissipation inequality, which means that VSC is
strictly passive. Thus, PBC theory can be applied to VSC.

4.2. Design of PBC controller
The power factor is expected to be 1 in the VSC-HVDC system; therefore, we have the expected state variables

*

o is the expected value

values, which arez] = ij a3 = iy = 023 = up. Here, ijis the expected value of i4; i
of igand the power factor is 1, so iy = 0; upis the expected value of upc .

Define the state errorz, = x — z*. Eq. (20) is then calculated from Eq. (17).
Mi, + Jzx. + Rxe = u— Mz* — Jz* — Ra™ (20)
The error energy function V5 is chosen as shown in Eq. (21).

1
Vo = ixZMxe (21)

Eq. (22) is then calculated by differentiation operation of V5 and then substitution of Eq. (17) into it.
Vo =2l Mi, = 2T (u — Mi* — J(z* + x.) — R(z" + x.)) (22)
The control law is set as in Eq. (23).

u=Mz*+ J(z" + x.) + Rz* (23)
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We then substitute Eq. (23) into Eq. (22). Eq. (24) is obtained.
Vo= —2'Rz, <0 (24)
Considering Mz* = 0, from Eq. (23), the control law is obtained in detail as shown in Eq. (25).

ug+wLiqg—Ri)

Sd = UpC (25)
ug—wlig
Sq =
upc

In order to analyze the performance of the designed PBC controller, we substitute Eq. (25) into Eq. (5). Eq.
(26) is derived.

(26)

It can be seen from Eq. (26) that the value of time constant L/Ris small; therefore, igcan converge to i}

quickly and i, converges to iy = 0. Because iq4,i, respectively represent the active current component and

reactive current component, according to Eq. (26), the decoupled control of the active power and reactive power
through the PBC controller for the VSC-HVDC system is achieved.
In order to accelerate the convergence speed, dampers are added to the PBC controller. Define Eq. (27):

Ryze. = (R+ Ry)xe, (27)
R, O 0
where R, = 0 Ro,2 0 |; Rg1, Ryoare the damper values; and Ryis a positive symmetric matrix.
0 0 0

Thus, Eq. (28) is derived with dampers considered.
Mze+ Jxe + Rre + Rogte = u— Mz* — Jz* — Rx™ + Rox. (28)
Eq. (29) is obtained by simplifying Eq. (28).
Mte + Rgxe = u— (Mz* 4+ J(z* + x.) + Rz* — Rqxe) (29)
With dampers considered, the control law is chosen as shown in Eq. (30).
w=Mi*+ J(x* + x.) + Rx* — Ry, (30)
We then substitute Eq. (30) into Eq. (29). Eq. (31) is obtained.
Mi, = —Ryz. (31)

The error energy function considering the dampers Vs = %xZM:ve is chosen. Vi3 = 2l Mi.= — 2T Ryw. =

—zI(R + R,)z. < 0 can be easily obtained. Therefore, it can be seen that the convergence speed becomes

faster.
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From Eq. (30), the new control law with dampers is shown in Eq. (32).

S _M (32)
=

{ S, = ugtwliq—Ri +Ra1(ta—i})
upc

In order to analyze the performance of the designed PBC controller of Eq. (32), we substitute Eq. (32) into
Eq. (5). Eq. (33) is derived.

L dig ;o _
RtR.; dt = (33)
L de i
R+R,o dt q

It can be seen from Eq. (33) that if the values of R,1, R,2 are large, iq can track and converge to ¢} quickly
and 4 tracks and converges toiy = 0.

The VSC-HVDC system based on the PBC method in a grid-connected wind farm is shown in Figure
2. The system consists of the wind farm, 2 convertors with their control systems (the first is a rectifier and
the other is an inverter), the DC link, and the power grid. In the VSC-HVDC system, constant DC voltage
control and constant reactive power control are applied to the convertor. The working process is as below.
The DC voltage error is calculated by subtracting the given value of DC voltage u}, from the actual value
of DC voltage upc. The PI regulator outputs 7}, with the DC voltage error as the input signal. In order to
achieve a power factor of 1, the given reactive power Q* is set to 0. Another PI regulator outputs 4; with the
reactive power error by subtracting Q* from the actual value @ as the input signal. e, ep, ecand ig, 1,7 are
captured in real time from the wind farm and VSC-HVDC system. Then, uq4,u, and 44, iqare obtained from
abc/dq transformation. With the input signals of Ud, Uq ,id, iq,iy, 1y, and upc, the PBC controller computes
the output signals according to Eq. (32), which is afterwards modulated by space-vector PWM into 6 pulses to

control the VSC operation. The decoupled control of the active power and the reactive power is achieved.

The wind farm The power grid
L R i _

. :l .a

bl L

i ‘

iy ' SVPWM

abc/dq abc/dq S S
d>~q

i,,i
Ug, Z/lq d> PBC Control
. Equation (32) u DC

l'* A A %

q L,
PI \ \ PI
A A

0 j>‘< \‘V«_ Upe

*

0'=0 up,.
Figure 2. The diagram of the VSC-HVDC system based on PBC method in grid-connected wind farm.
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5. Simulation results

The simulation model of the VSC-HVDC system based on PBC method as shown in Figure 3 is constructed
based on MATLAB/SIMULINK;, including the power grid model, the PBC controller model, the PWM model
and the related signal calculation model, and so on. The wind farm is represented as a 3-phase source. The
PBC controller simulation submodel is shown in Figure 4. The signal calculation simulation submodel is shown

in Figure 5. The main parameters of the VSC-HVDC system are shown in the Table.

Discrete, pulses B2

Ts =56-06's Puses B1
J e -
powergui Pi Section Line 1 -
g +la Lal+ g Three-Phase Sourcel
Ale—aflea— HT-MW-5-a A A = N W-oaff=—|a
8N —@i Bl—=a - T W-e=|B J P L
-lB—

5 3 - Whofe-slo JL 1A e
Cl—= - - MW-ea(C

Clg——a ) H--W-s———=afje—=(C
Three-Phase B1

Programmable
Voltage Sourcel

B2

e

Pi Section Line3

Figure 3. The simulation model of the VSC-HVDC system based on PBC method.

d1

U

1d1 ]
id
2
Id_R
D
wi VdVq
g1 ) =|1000
_/ L
J Ra2
»-K-
L
wit
Vg1l %
__/
Figure 4. The PBC controller simulation submodel.
Table. The main parameters of the VSC-HVDC system.
The parameters The parameter values

The power grid phase voltage 35 kV

The equivalent inductance between the power grid and the VSC | L= 33.36 mH
The equivalent resistance between the power grid and the VSC | R= 0.1 .Q)
The DC line length 10 km

The DC-link capacitor 4700 pF

1566



LIU and LI/Turk J Elec Eng & Comp Sci

S E

p|vabc(pu) wt >
Sin_Cos —

Vabc_B1 > P abc
/ dqo f(u) Vi1
P sin_cos Fcn

labc_B1 abc !

Vabc_B1 >

Id1
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PQ
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3-phase
Instantaneous

Active & Reactive Power

Figure 5. The signal calculation simulation submodel.

The reference voltage of the wind farm is chosen for 35 kV. The reference capacity is chosen for 100 MW.
uwhe = 3 x 10°V. The VSC-HVDC system runs when the wind farm voltage unbalances at 0.5 s and then it
recovers to balance at 0.6 s. Under this condition, the wind farm voltage waves are shown in Figure 6. The
VSC-HVDC system simulation waves under the PI method are shown in Figure 7. The VSC-HVDC system

simulation waves under the PBC method are shown in Figure 8.

Figure 6. The wind farm voltage waves (per unit).

From Figure 6, we can see that at 0.5 s the wind farm voltage drops, and then at 0.6 s it recovers the

balance.
Figure 7 shows the waves of the VSC-HVDC system connected to the wind farm under the PI method,

including the reactive power wave, the active power wave, the DC voltage wave, and i4,%, waves. It can be seen
that when the wind farm voltage becomes unbalanced, the reactive power and the active power waves both have
major fluctuations. The DC voltage overshoots with the maximum of 3.8 pu at the start, and with unbalanced
AC voltage from 0.5 s to 0.6 s, it fluctuates very much; then, until 0.7 s, the DC voltage can track its given
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Figure 7. The VSC-HVDC system simulation waves under PI method: (a) reactive power wave (per unit); (b) active

power wave (per unit); (¢c) DC voltage wave (per unit); (d) iq wave (per unit); (e) iq wave (per unit).

value with small error. It is also similar to the i4,%, waves; that is to say, when the system starts up, ¢ and

iq fluctuate; after 0.5 s, they have large fluctuations; and after 0.7 s the system recovers to a steady state.

From Figure 8, it can be easily seen that in the system under the PBC method, before 0.5 s when the wind
farm voltages are balanced, the active power is quickly stabilized to 3 pu and the reactive power is stabilized to
0, which indicates that the power factor is 1. i4 is stabilized to 2 pu and 4, is stabilized to 0. The DC voltage
is 1 pu with an accepted small error. The dynamic and static performances under the PBC method are good.
The decoupled control of the active power and the reactive power is achieved by this method. At 0.5 s, the
wind farm voltages become unbalanced, which can be easily seen from Figure 6. Under the proposed method,
the system responds fast. The active power and the reactive power fluctuate little and ¢y and i, maintain
values of 2 and 0 respectively, as before. The DC voltage tracks its given value and maintains 1 pu with small
error. The system with unbalanced voltage has good and stable accuracy and rapid response. After 0.6 s, the
wind farm voltage recovers its balance, and it can be seen that the system quickly returns to a stable state.
The DC voltage, the active power, and the reactive power become stable rapidly. Thus, it can be seen that the
VSC-HVDC system based on the PBC method has rapid recovery capabilities.
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Figure 8. The VSC-HVDC system simulation waves under PBC method: (a) reactive power wave (per unit); (b) active

power wave (per unit); (c) DC voltage wave (per unit); (d) iq wave (per unit); (e) i, wave (per unit).

By contrasting Figures 7 and 8, we can see that under the PBC method, the system has a faster response
and higher steady precision. The dynamic and steady performances are improved. These results indicate the

successful implementation of the PBC method. The feasibility and correctness of the method are verified.

6. Conclusion

A PBC method for a VSC-HVDC system in a grid-connected wind farm when the wind farm voltage is
unbalanced is proposed in the paper. The mathematical model of VSC with unbalanced voltage was established.
The PBC theory was introduced, and then the stability of PBC was proven in light of the Lyapunov stability
theory. According to PBC theory, the EL mathematical model of VSC was constructed. The strict passivity of
VSC was proven. The control law was deduced in detail. In order to accelerate the convergence speed, dampers

were added to the PBC controller.
In order to verify the correctness of the PBC theory in the VSC-HVDC system, a simulation was

performed. The simulation model of the VSC-HVDC system based on PBC method was constructed based
on MATLAB/SIMULINK. The system under the PT method was also studied. By contrasting the PI method
and PBC method, the conclusion was reached that the system under the PBC method has a faster response
and higher steady precision, and the decoupled control of the active power and the reactive power was achieved.
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dynamic and steady performances of the VSC-HVDC system when the wind farm voltage is unbalanced

significantly improved. Furthermore, the robustness of the system was enhanced.
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