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ABSTRACT: This paper proposes a novel control strategy for
voltage source converter based high voltage direct current
(VSC-HVDC). Based on its steady state model, a series of
mathematical analysis expressions for power delivery were
deduced using the coordinate conversion and variables
substitution in terms of the original equations. The
corresponding power controllers were designed using the PI
controller and the nonlinear inverse system. Based on the
designed strategy, the transmission limits of the active and
reactive power were deduced. According to the circle
characteristics of operation represented, it was theoretically
proved that the control strategy could independently control
the active and reactive power. Hooke-Jeeves algorithm was
adopted to optimize the Pl parameters of the proposed
controllers for VSC-HVDC system. Simulation results
obtained by using PSCAD/EMTDC show that better operation
characteristics can be achieved with the support of optimized
PI parameters. Moreover, the proposed controllers can
independently control the active and reactive power with high

response speed, desirable stability and strong robustness.
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0 INTRODUCTION

The (voltage source converter based on high
voltage direct current) VSC-HVDC uses pulse width
modulation (PWM) with a relatively high switching
frequency, which makes it possible to generate an AC
output voltage with any desired phase angle or
amplitude instantly [1-2]. A number of potential
advantages of the VSC-HVDC are reported in the
literature. For example, the VSC-HVDC system
enables fast control of active and reactive power
independently of each other [3-4]. It allows reactive
power support to an area, if needed, independently of
the active power transmitted, provided that the rating
of the converter can handle the total apparent power.
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Moreover, active power flow can be quickly reversed,
which is a desirable feature since it enables
short-term transactions in electric power markets [5].
In addition, the VSC-HVDC system can feed power
into passive networks with no local power
generation [6-9].

Each converter station is composed of a VSC.
The amplitude and phase angle of the converter AC
output voltage can be controlled simultaneously to
achieve a rapid, independent control of active and
reactive power in all four quadrants. The control of
both active and reactive power is bi-directional and
continuous across the operating range. For active
power balance, one of the converters operates on
constant DC voltage control and the other converter
operates on constant active power control. When DC
line power is zero, the two converters can be
considered as independent STATCOMs.

However, VSC is a double-input and double-
output coupled nonlinear control object when it is
connected to an active AC network [10]. The
double-input refers to the phase angle & and
modulation index m of PWM, and the double-output
refers to the reactive power output Q and the active
power output P or the DC voltage Uy of the VSC.
Due to the influence of the couple-relationship
between controlling and controlled variables, it is

difficult to control the active and reactive power

independently, and enable the system to perform well.

Therefore, it is necessary to develop a mathematical
model for VSC-HVDC to determine the relationship
between the two controlling and the two controlled
variables, and fulfill the requirements of controlling
active and reactive power independently.

At present, a lot of researches [11-15] have been
done to study the control algorithms of the
VSC-HVDC system, e.g. decoupled controllers based
on dq reference frame, direct analysis expression
method, nonlinear controller, etc. Also, many
controller parameters optimization means are
presented [16-18] for VSC-HVDC, such as genetic
algorithm, simplex optimal algorithm, optimal and

coordinate control scheme, etc. In this paper, a power

control strategy is proposed based on the steady state
model of VSC by the methods of the coordinate
conversion and variables substitution, which can
independently control the active and reactive power
completely according to the circle characteristic of
operation. The limitation of active and reactive power
based on the strategy designed is deduced.
Moreover, Hooke-Jeeves algorithm is adopted to
optimize the PI parameters of proposed controllers.
Compared with other optimization algorithms,
Hooke-Jeeves algorithm owns particular advantages.
Case studies are carried out with the help of
PSCAD/EMTDC software so as to testify the control
strategy designed and the optimization algorithm
presented. The simulation results demonstrate that the
controllers proposed with optimized parameters have
high response speed, desirable stability, and strong

robustness.

1 MODELING of VSC-HVDC

1.1 Steady State Model of VSC Based HVDC
The steady state model [19] of a VSC station
linked to an active AC network is shown in Fig.1,
where Us is the root mean square (RMS) value of AC
system voltage, U, is the RMS value of the
fundamental frequency component of the VSC output
voltage, J is the phase angle difference between Us
and U,, L is the equivalent inductance of converter
reactor, R is the equivalent resistance of VSC’s power
loss, Ps and Qs are the active and reactive power that
the AC system provides, P, and Q. are the active and

reactive power the VSC absorbs.

. VSC 1 :
PO PeQc %y DC Line

+
Us Lo . U.£0 I
| Y Y\ R I P || Uq

AC Filter

B 1 VSC-HVDC RYyfa7siszl
Fig. 1 Steady state model of VSC-HVDC
Let X =wL ,a=arctan(R/X), Y =1/NR*+X*,
then P, O, P., Q. can be calculated from following
equations:
P, =UU.Ysin(d +a)-UlYsina (1)



%15 # SOAF SCAR i ES YRS o v s T A v PR Rl S S S Bk 3
0, =UU.Y cos(S +a)-U’Y cosax ) reactive power of VSC-HVDC.
P =UU.Ysin(§ —a)+UY sina (3) 1.3 Analysis of Control Strategy Designed
Q,=-UU.Y cos(6 —a)+UZY cosa 4 1) Theory study.

Assume that the DC voltage utilization ratio of
PWM equals tol, and the modulation index is m, then

U, can be obtained:

v ="u,,

)

Equation (1)~(5) describe the basic relationship

0<m<l1 (5)

of the VSC, where 6 and m are the controlling
variables and P and Q are the controlled variables.
1.2 Deducing of Mathematical Analysis
Expressions for Power Control

P and Qg are chosen as controlled variables
considering that VSC’s resistance loss can be
neglected.

According to (3) and (4), it is complicated to
control the power delivery on account of the
influence of the coupling relationship between
controlling and controlled variables. To weaken the
coupling relationship, the coordinate conversion and
variables substitution are adopted.

A and B are defined as

A=U_cosd

{B =U, sino
Substituting (6) into (3) and (4) yields
P =UY(Bcosa— Asina)+UZY sina (7
Q,=-UJY(Acosa+Bsina)+UY cosa  (8)

According to (7) and (8), the substitute variable
X and Z are defined as

(6)

P -UYsina

X =Bcosa— Asina = )
uy
Z=Acosa+Bsina=M (10)
uy
Variable 4 and B can be calculated as follows,
based on (9) and (10),
A=Zcosa— Xsina (11)
B=Xcosa+Zsina (12)
Variables m and ¢ are acquired from (6),
o =arctan(B/ A) (13)
m=~24/U, cos ) (14)

Equations (9)~(14) are the mathematical

expressions for adjusting the active power and

It is shown in (9) and (10) that P; is determined
by substitute variable X, and Qs is just determined by
another substitute variable Z when the system voltage
Us is constant. However, both X and Z are relevant to
A and B simultaneously.

From (5), (6), and the range of the modulation

index m, yields
4] < U, /N2)
|B|< (U, /2) (15)
A +B*<(U;/2)
Based on (15), a circle that represents the bound

of the variables 4 and B is shown in Fig.2.

2 IEHIRERETEE
Fig. 2 Characteristic diagram of control strategy

According to (9) and (10), obtain,
A=(B/tana)— (X /sin) (16)
A=(Z/cosa)— Btana (17)

Equation (16) represents a series of straight lines

named L; shown in Fig.2 and each line represents the
movement track of variable 4 and B when X is
constant. In other words, if 4 and B change
simultaneously along a line (L;)’s track, X is constant
and then P is determined. However, Q; can be
adjusted independently without changing the
magnitude of Ps.

Equation (17) represents a series of straight lines
named K; shown in Fig.2 and each line represents the
movement track of variable 4 and B when Z is
constant. If 4 and B change simultaneously along a
line (K;)’s track, Z is constant and then Qs is
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determined. However, P; can be adjusted

independently without changing the magnitude of Q.
2) Limits deducing for Pgand Q.

From the above analysis, the novel control
strategy can independently control the active and
reactive power. However, it must meet certain
condition, i.e. the operation point of 4 and B must
locate in the circle, meaning that K; and L; must
intersect in the circle shown in Fig.2.

The limits of P, and Qg can be obtained and the
deducing process is given in Appendix A.

P, =UUY/\N2+Usina (18)
P =-UUY/\2+Usina (19)
0, =UUY /N2 +U?Y cosa (20)

0. =—UUY/N2+Ucosa (1)

However, Pyand Q are impossible to reach the
extreme value simultaneously.

3) Interaction of the controlled variables P and Q.

Based on the mathematical expressions deduced

above and the circle shown in Fig.2, the operation

P Qa _VSC 1

zone of O; when P; is constant can be gotten,

UY cosar - 2Lyt - 4(w) <0<
2 uy
UszycosaJrE 2U2 (M) (22)
2 uy

And the operation zone of P; when (; is
constant can be expressed as,

2 p—
LYy g Gese 0 |ty ging < p <
2 Uy

S

2 —_
UEY \/ZUj —4(USYLS;‘QS)2 +UYsina (23)

S

The deducing process is given in Appendix B.
2 CONTROLLERS DESIGN

2.1 Constant Power Control At Inverter Side

In this paper, two-terminal VSC-HVDC system
is shown in Fig.3. At the rectifier side, constant DC
voltage control and constant reactive power control
are adopted. And constant active and reactive power
control, which adopts the control algorithm designed
in the paper, is implemented at the inverter side.

1o

Py Q 1 — <— Po QCZ Py QSZ
= 1 A4 1 3 >
UaZo U1 £0 U Z0 UpZS
L, R Ry Ly
l | Un Usp | l
AC Filter T l" — i T AC Filter

— R4/2

3 ®im VSC-HVDC R4EE
Fig. 3 Two-terminal VSC-HVDC system

According to the discussion above, the structure
of control system adopting PI controllers and inverse
system method are shown in Fig.4.

AC bus voltage

<L
%:
i equation 9,

(13) ) firin

PWM
equation|m
(14)

4 EMEEFRFEE
Fig. 4 Constant power control system

2.2 Constant DC Voltage Control at Rectifier
Side
DC voltage depends on the storage energy of the

pulse

capacitor at the DC side. It is necessary to adjust the

energy absorbed by VSC to keep the storage energy
of the capacitor constant for the invariableness of DC
voltage. Assume that A¢ is a sampling cycle, and from
Fig.1 we can get the energy AW absorbed by the

capacitor.
1 ) 1 ) 1 )
W= ZCUd (t+AY) _ZCUd ()= ZCA[Ud 0] 24

then

AAW _AAR A

2
AlUG(D)]=—— C C

(25)

where APg. is the average power absorbed by the
capacitor during the duration of Atz.

According to (25), the change of the square of
the DC voltage is proportional to APg. In a transient
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course, Py varies with the DC voltage. Thus, it is
necessary to compensate Py. During the duration of
At, the resistance of the DC side is almost invariable.
Then

Uy(t+A1) _Uy(t)

(26)
I, (t+Ar) 10
We know Pg=Uyl,, therefore
UZ(t+ Ar) 4AP, At
P(t+At)y=—"—2P(t)=(1+—L—)P,(¢) (27
a( ) U0 1) =( CUj(t))d()( )

where Py(z+Af) is the estimated value of the active

power of the DC lines when the DC voltage varies.
According to (27), we can estimate Py. The

control system for constant DC voltage is designed as

shown in Fig.5.

P -
d—| equation Osiref | Constant

2
U] i LICEN s,
s Yi ¢ @7 1 power
Ubret 1Y, < APy Piirer m
c & control
4)5» PI(1) > el g

5 TEMBEEHREE
Fig. 5 Control system for constant DC voltage

3 PARAMETERS OPTIMIZATION

3.1 Hooke-Jeeves Algorithm

The Hooke-Jeeves method [20-21] is a
numerical solution of nonlinear system.

Assuming an objection function:

min f(x) (28)

Equation (28) 1is called an unconstrained
optimization problem. The Hooke-Jeeves method is a
direct method for solving problem (28), which only
requires f to be continuous. It is employed when f'is
not differentiable or if the computation of its
derivatives is a nontrivial task.

Assume that we are searching for the minimal
value of f'starting from a given initial base point. The
Hooke-Jeeves method computes a new point using
the values of f at suitable points along the orthogonal
coordinate directions around initial point. The
method consists of two steps: an exploration step and
an advancing step.

The exploration step proceeds along all the n
Cartesian directions, then determine a new base point
and a direction for descending value of f. The

advancing step goes forward along the direction of

the connection of two adjacent base points aiming for
decreasing the value of f faster. The exploration step
and advancing step compute in turn and find the
minimal value of ffinally.
3.2 Parameters Optimization

Assume a set of objective for VSC-HVDC

system shown in Tab.1.

%1 VSC-HVDC R4Ryi=#I BFr
Tab.1 Control objectives of VSC-HVDC system

Usret 'KV Osiret/Mvar Pore /MW Osret/Mvar

120 -20 50 40

It can be seen from Fig.4 and Fig.5 that the
performance of VSC-HVDC system can be regulated
by four sets of PI parameters, i.e. PI(1), PI(2), PI(3)
and PI(4). PI(1) and PI(2) are used to control DC
voltage and reactive power at rectifier side, and PI(3)
and PI(4) are used to control active power and
reactive power at inverter side. Because no
communication is needed between two sides of
VSC-HVDC, PI controllers at rectifier side and
inverter side can be adjusted independently.
Considering DC voltage control is critical for
VSC-HVDC, PI(1) is the most important among four
sets of PI controllers. After proper PI parameters are
selected, the VSC-HVDC can obtain satisfactory
results. In this paper, the proportion in PI parameters
is expressed as K and the integral time constant is
expressed as 7.

For the VSC-HVDC system, the objective
function is expressed in (29),

1H) =30, [ e of =3[ dleof @t 29
J=1 Jj=1

where: e/(?) is the error between the No,j real value of
the controlled variable and its desired value; @ is
weight, considered to be 1 in the paper; Vector H=
[ky Ty ko T, ks T5 k4 T4] are the variables. The
corresponding flow chart is represented in Fig.6.

For Hooke-Jeeves algorithm, initial parameters
should be selected. Also initial step size and step
reduction factor, which are set to 0.01 and 1.2
respectively in this paper. Tab.2 shows the initial and

optimized control system parameters as well as
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| Initial parameter sets X |
>
| VSC-HVDC control system |

v
New parameter set X | Objective ilnctionf (G9) |

4

| Hooke and Jeeves algorithm |

Convergence?

6 VSC-HVDC {zHI R ES KM RIEE
Fig. 6 Flow chart of VSC-HVDC control system
parameters optimization
x2 MURTRESHSERBERARENILR
Tab.2 Comparison between initial and optimized
parameters and objective function value

Parameters Initial Optimized
K| 0.223 0.173
T, 0.043 0.073
K> 0.356 0.356
T, 0.034 0.014
K3 0.723 0.683
T3 0.132 0.102
K 0.522 0.582
T4 0.036 0.054
f(X) 291.760 14.470

the corresponding objective function values.

4 SIMULATION RESEARCH

4.1 Operation Performance Comparison
Between Systems With Initial and Optimized
Parameters

Based on the two-terminal VSC-HVDC structure
shown in Fig.3, operation performance comparison of
steady state between systems with initial and
optimized parameters is shown in Fig.7~ Fig.10.

132.5r,
127.5

2 122.5)

S 1175
112.5 |
107.5 s Udrei; L L L L 3

1.00 1.50 2.00 2.50 3.00

t/s

(a) DC voltage results with initial parameters

120.080

1.00 1.50 2.00 2.50 3.00
(b) DC voltage results with optimized parameters

7 ERMERREMIATER LR

Fig. 7 DC voltage comparison at rectifier side

'mmlmlt‘lmmmli:ilililllmmil
S T

1.00 150 200 250 3.0
t/s

(a) Reactive power results with initial parameters

100 150 200 250 3.0
(b) Reactive power results with optimized parameters

B8 ERMITIHThRMALEIFRI LI
Fig. 8 Reactive power comparison at rectifier side

(a) Active power results with initial parameters

Pgorer

100 150 200 250 3.0
t/s

(b) Active power results with optimized parameters

B9 FETMABINNEMLAERILLER

Fig. 9 Active power comparison at inverter side

O/Mvar

O/Mvar

QsZref
1.00 1.50

2.00 2.50 3.00
t/s

(b) Reactive power results with optimized parameters
10 FETMITIHIRMALEIE B LR

Fig. 10 Reactive power comparison at inverter side

It is noted that because the start-up process of

VSC-HVDC, which is reflected by transient process
in Fig.7~Fig.10, is beyond the scope of this paper,
only simulation results after 1.0 s have been shown.
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The parameters of tested system are as follow:

The rated AC voltage at rectifier side is 13.8kV,
the transformer ratio is 13.8 kV/62.5kV; the rated AC
voltage at inverter side is 115 kV, the transformer
ratio is 62.5 kV/115 kV. The equivalent loss
resistances of commuting transformer at both sides
are 0.1 Q, and the equivalent L is 0.25 mH. The
capacitance C of both sides is 500 puF. The equivalent
resistance Ry of transmission line is 5 Q. The DC
voltage is 120 kV.

It is noted that the variable with subscript of
“ref” is the reference value in each simulation figure,
and the other variable is the real value. For example,
the variable Uger is the DC voltage reference value
and Uy is the real value.

Tab.3 shows the maximum error percentage
comparison between initial and optimized control
performance.

%3 MUETRES BfRERKIRET 2 LA

Tab.3 Maximum error percentage comparison between
initial and optimized control performance

Parameters eini/ % eopt/ %0
Uy 104 0.067
Osi 150 1
Ps, 4 0.6
Ox 37.5 0.5

From the simulation results and Tab.3, it can be
observed that the system performance with optimized
parameters has been greatly improved, especially, the
maximum error percentage of U, decreases by 155
times. In fact, the genetic algorithm in [16] and
simplex algorithm in [17] also show the improved
performances. However, quantified indexes have not
been presented in them. Compared with simplex
algorithm, Hooke-Jeeves algorithm is a more flexible
arithmetic due to its changeable step reduction factor;
and the optimization process of Hooke-Jeeves
algorithm is simple compared with the complex
coding and optimization steps of genetic algorithm.
The main shortcoming of Hooke-Jeeves algorithm is
its local optimization characteristic. However, any
optimization algorithms must be supplied with initial
values. Once initial values, which can stabilize the
system approximately, are supplied, optimization

solutions can be found around them using

Hooke-Jeeves algorithm. Therefore, the problem
mentioned above can be solved.
4.2 Dynamic Operation Performance

To prove the availability of control strategy, the
researches about the power step-change and DC
voltage lifting-up are simulated using PSCAD/
EMTDC.

With the optimized parameters, dynamic
operation performance is studied to testify the
robustness of the controllers.

Case 1: Power step-change.

Case is as follows: simulation process lasts 5 s,
the active power Py, changes from 50 MW to 30 MW
at 3 s and the reactive power Qs changes from
40 Mvar to 60 Mvar at 4 s. Simulation results are
shown in Fig.11~Fig.13.

121.00
] Uy
LAy I,
; 120.003 iy T
> ] Udrer
118.50
250  3.00  3.50 , 400 450  5.00
/s
11 BRMERRE
Fig. 11 DC voltage at rectifier side
601 Po
g 401 e Oa
< 90
20 Porer
250 3.00  3.50 , 400 450  5.00
/s
12 FEEMAIHIHE
Fig. 12 Active power at inverter side
80: QsZref
§ 60 ﬁa_——
E +
S 40 o t
20t . Qo

2.50 3.00 3.50 y 4.00 4.50 5.00
/s

13 FETMEINNE
Fig. 13 Reactive power at inverter side
The simulation results show that the maximum

dynamic error of DC voltage is 8.3%. When the
reference value of either active or reactive power
happens to step change, it can reach the pre-set value
instantly. The other variable has slight fluctuation
during the adjusting period, and then maintains initial
value. Therefore, it can realize the independent
control of the active and reactive power. It can be
concluded that the controller designed is feasible and
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the parameters optimization algorithm is effective.

Active and reactive power influence each other.
However, the whole system achieves stable state
within about 1s after power step-change. Simulation
results clearly show that the system performance is
stable under the case 1 condition.

Case 2: DC voltage lifting-up.

When #=3.0 s, the DC voltage is lifted up by
4.2%. The simulation results of DC voltage lifting-up
are described in Fig.14 and Fig.15.

127.0f  UYar
125.0f Ny

% 123.0} V
121.0} Us
119.0}

230 3.00 350 400 450  5.00
t/s

14 ERMEREE
Fig. 14 DC voltage at rectifier side
PSZ

e
0O

2

D
(=]

P/MW, Q/Mvar
N
S

(=]
(=}

250 3.00 3.0 / 400 450  5.00
t's

15 HEEMANRMEINNE

Fig. 15 Active and reactive power at inverter side

In Fig.14, the overshoot of Uyis 2.08%, and the
settle time is 0.26 s. It is shown in Fig.15 that active
and reactive power has slight fluctuation during DC
voltage lift-up. Although DC voltage at rectifier side
is lifted up, active and reactive power at inverter side
can be maintained at initial values; and it can be
proved that the controllers at rectifier side and
inverter side can be adjusted independently. From the
results, it is concluded that the proposed control
strategy with optimized parameters can provide a
stable operation and fast response under DC voltage

lifting-up circumstance.
5 CONCLUSIONS

1) The control strategy proposed is able to
control the active and reactive power independently.

2) The Hooke-Jeeves optimization algorithm can
be adopted to optimize the PI parameters, and system
performance can be greatly improved.

3) With the support of optimized parameters, the
controllers will have high response speed, desirable

stability =~ and  greatly = improved  dynamic

performances.

4) Robustness of the controllers is proved, when
system operates at different points under the
conditions of power step-change and DC voltage
lift-up.
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APPENDIX A

From (15) and (16), obtain
x| <U, 12 (A1)
When A=—Udsina/\/5 R B=Udcosa/\/5 , and
X :Ud/x/i are met,

max

P, =UUY/\N2+UYsina (A2)

smax

When A=Udsina/\/5 R B=—Udcosa/x/§ , and

X =—U, /N2 are met,
P, =-UUY/\2+Usina (A3)
Similarly, from (15) and (17), obtain
|lz|<U, /2 (Ad)

When A:—Udcosa/\/z , B:—Udsina/x/z and
Z...=-U, /N2 are met,
O =UUY IN2 +U2Y cosa (AS)
When A:Udcosa/«/i , B:Udsina/«/z and
Zpo =U, /N2 are met,
Ouin = -UUY N2 +U2Y cosa (A6)
APPENDIX B

The range of variable Z is derived as,

—%1/2(]; -4X*<z< %.lej -4X? (B1)

According to (10), obtain,

Uy
UZY cosa — > J2U2 -4X? <Q, <
UZY cosa + U;Y \2U? —4x? (B2)

Substituting (9) into (A4), obtain the operation zone of Q

when P is constant,

P -UlYsina
UY

uy
UZY cosa — 2 \/2U§—4( )Y <Q, <

Y P -U’Ysi
U:Ycosa+U; \/ZUj —4(%)2 (B3)

With the same method, the operation zone of P; when Qg

is constant is expressed as,

2
O e gl esa Oy iy ging < p <
2 Uy

s

2
vy 2U§ _4(M)2 +U52Ysina (B4)
2 vy

s
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