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APPLICATION OF ANOVEL OPTIMAL COORDINATED CONTROL TO HVDC LIGHT
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ABSTRACT: HVDC Light is a new HVDC transmission
system, based on Voltage Source Converters (VSC) and Pulse
Width Modulation (PWM). The mathematical model of HYDC
Light is established, an optimal coordinated control between
the generator excitation and HVDC Light is proposed. The
proposed controller is used to improve transient stability of the
power system and to damp prolonged oscillation after a fault is
cleared. Then the optimal coordinated control algorithm is
applied to multi-machine power system with HVDC Light. The
comparison is made between the proposed controller and
independent controller for generator excitation and HVDC
Light, the simulation results demonstrate that the proposed
control strategy provides better damping characteristics.
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Conventional HVDC transmission systems are

built up with line commutated Current Source
Converters (CSC)[1], with the appearance of high

switching frequency and high power turn-off
components, such as IGBT, IGCT[2-4], the
application of VSC to the HVDC transmission is
made possible. HYDC Light is a type of VSC based
HVDC exactly, it is excellent for transmitting power
to distant loads and feeding power from distant
generation into network[5]. As in a VSC, the current
can be switched off, there is no need for a network to
commutate against, therefore, it has no risk of
commutation failures when a voltage dip or waveform
distortion has occurred in the AC system[6];0n the
other hand, HVDC Light needs no equipment for
reactive power supply, such as static capacitors or
synchronous rotating condensers, when used in a low
short-circuit capacity power system, however, it is
often needed for conventional HVDC.

Mathematical model of HVDC Light s
established in this paper, mathematical equations in
per unit form are derived in order to integrate them
into differential algebraic equation of power system.
The optimal coordinated control between generators
and HVDC Light is designed based on the linearized
equation of the whole system, and optimal control
theory is applied. The proposed control scheme is
used to damp the oscillation of power system during
large disturbance. Multi-machine system is simulated
to observe the damping characteristics of the proposed
control strategy. The results with independent control
[7-10] and proposed control are compared, and the
simulation results demonstrate the proposed control
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strategy provides better damping features than
independent control.

2 MATHEMATICAL MODEL

In n-machine power system, HVDC Light
terminals can be extracted as active nodes from
network, shown in Fig.1[1,11-12], where injecting
current to the systemis —I,and I,,V,,V, are bridge
voltage of two converters, Cq;, Vg denote capacitor
value and DC link voltage, X3, X, are equivalent
commutation reactance of two sides. In the course of
model establishment, simultaneous state of equivalent
commutation reactance will be neglected, however,
the dynamics of C4. is described by differential
equations. These simplifications are enough for the
investigation of the influence between AC and DC
system..

1 2 n
Power System
\/1 \/R \/N \/2

VSC [Carfv] VSC

3 o
|1 |2
1 % HVDC Light I h R REE
Fig.1 Diagram of power system with HVDC Light

If the sinusoidal pulse width modulation
(SPWM) control scheme is adopted and only
fundamental frequency components under balanced
operation conditions are considered, the output
voltage of the two converters can be represented by
two phasors:

.1

V,=——mV, 20 1
R \/E 1Y dc 1 ()
.1

Vy =——m\V, 20 @)
N \/E 2V dc 2

Where m; and m, denote the modulation index of the
rectifier and inverter, & and & are the phase angles of
the control wave.

When quasi-steady state is considered, the
relationship between voltage and current on two
sides of the valves can be represented by algebraic
equation, moreover, the equation can be written in
the form of single-phase equivalent since the

quasi-static condition is assumed, however, the
equation on the DC side of the converters is
differential, so the equations about the HVDC Light
can be written as

vl = jxl I-l +VR (3)
V, ==X, 1, +Vy 4)
Cdcvdcvdc = Re (\jR |.1 _vN Ilz) 5)

Where x; and X, denote the equivalent commutation
reactance of rectifier and inverter.

The variables in the above equation (1)~(5) are
actual value referred to the DC capacitor side. It
must be transferred to the form of per unit in order to
integrate them into the DA (Differential-Algebraic)
equations of power system. As we know, when the
DC voltage reaches its maxim value Vgc max and my,
m, equal to one, the output voltage of converters also
reaches its maxim value

1
VR max — ﬁvdcmax (6)
1
VN max — ﬁvdcmax (7)
If we let
1
Evdcmax =KV =K,V (8)

Where Vi, Vnorepresent the nominal voltage of two
sides where HVDC Light system is connected, ki, ky
are coefficients. From (8), the following (9). (10) can
be get

1
VNl :\/Eklvdcmax (9)
1
V,, =—V 10
N2 \/Ekz dcmax ( )

When Vgemax 1S chosen as base value of DC
voltage and network’s power rating S, as the power
base value ™, Equation(1). (2) can be written in per
unit form as Equation(11). (12)

Vg, =kmV,., 26, (12)

Vi, =k,mV,., 20, (12)

Where the subscript asterisk * denotes corresponding
per unit values.

For the Equation (5), after dividing both sides by
the complex power base value S,, LHS of Equation(5)
becomes

de=
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C Vd%:max Vdc d(Vdc /Vdcmax) — |2x _ 0 —1/X2 V2>< + kZmZSinHZIXZ \/ (22)
S, Vi dt Ly | (1% 0 ||Vy | [—km,cos6,/x, | *
c decmaxv dV,.. (13) The HVDC Light can be seen as a controllable
@ S, T dt current sources after Equation(21) . (22) are
RHS of Equation (5): substituted into algebraic equation (17), and amending
2 corresponding elements in admittance matrix ¥.
R, Vol ~Vil,)/S, =R Wl Vi) (19) poneng = . .
After the injection current expressions are derived,
So Equation (5) per unit form: the equivalent circuit of Fig.1 is shown as Fig.2.
dV e Vi 102
Tchdc* d:c =R (VR* > N |2*) (15) !

Where T4 is introduced as a time constant of the
HVDC, T, =C,V

demax | Sy 1 Re IS real part.

Above algebraic equations (3). (4) should be
written in x-y coordinate so as to integrate the
Differential-Algebraic (DA) equations of power
system as shown in Equation(16). (17)

x=f(x,V) (16)

Yw=I @an

Where x is state vectors of power system,V is system

voltage, Y is admittance matrix, and I is node
injecting current.

By substituting Equation(11). (12) into Equation
(3)~ (4) and defaulting the per unit subscription
asterisk, equation (3)~ (4) can be written in per unit
form as Equation (18). (19) respectively.

Vi, 0 —x || 1y k,m, cosé

x| _ 1 1 N 11 . 1 V, (18)
Viy x, 0 |1 k,m, siné,
\Y 0 x| k,m, cos@

= T Ve (19)
\Z¥ X, 0] 1y k,m,siné,

The equation (13) can be written similarly as

dVy,  km(cosoV,, —sinoV,,) .
dt TeeXy
k,m, (cos@,V,, —sind,V,,) (20)
Tdcxz

So the dynamics of HVDC Light in multi-
machine power system can be descripted by
Equation(18). (19). (20).

From Equation (18) and (19), equation of node
injection current can be got

Iy _ 0 1% || Vi N —k,m; siné, / x, v, (1)
Ly | |-U/x 0 ||Vy k,m, cosé, / x,

I.gl % Igz% Ign%
Power System
-y I,

2 E1pEERR
Fig.2 Equivalent circuit of Fig.1

In Fig.2, —I,and I, denote currents injected into
system by HVDC nght they are represented by
Equation (21). (22). I . are current

injected by generators.

3 MODELING HVDC LIGHT
MULTI-MACHINE POWER SYSTEM

gl’ gZ' ......

INTO

In this section, injection current equations of
generators in power system with HVDC Light are
derived,which will be used in later sections.

After two terminals of HVDC are regarded as
two active nodes and equivalent injection current
method are applied, at the same time, the passive
nodes are eliminated, the circuit equation of network

Yo Y, Y, Vg ig
Y, Y YullVi|=|-1, (23)
Y3l Y32 Y33 V2 |‘2

Where I, =[I 1,I'gz,...l' 1" is current vector of

generator, V [\/gl, 921+ Vgn]T is terminal voltage
vector of generator, n is number of machines in the
network.

From Equation(3). (4), following equations can
be deduced

I.l _ V, .—VR (24)
X
i, =2nYe (25)
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Equation (24). (25) are substituted into Equation(23),
then eliminating V,, V,, following expression can
be got
KV, + AV + AV, =1, (26)
where
Y. Y,.Y Y.
+ 2B Ly, +.L)Y21 +
Y, Y, 1%,
Yi3Y ¥y _
YF’

K=Y,

Y, 1

Wy )y

Y, (Yz jxl) 31

Ay :_&(Yss +i)i+Y13_Y32
Yp Mo X Ye)X

1
Vi3 (Yo, =)
A, __Y,Yy + S

Yo X, Y jX,
1 1
Y, = ——)(Ys +—)=Y,.Y
p =Yy ix )(Yas ~ ) =YYy

1 2

Vg,V are output AC voltage of converters(Fig.1).

If three-order reduced model[13-14] is used for
generator, state equations of generators can be
expressed as following:

dd/dt=w,(w-1) 27)

deo/dt=M (T, -T, - DAw) (28)

de; /dt =T, '[E —e, —(xg —xy)ig]  (29)
where

§=[6,6,..6,]",

wz[wl,wz,...,a)n]T,

Ty =[Tot Tz T

T,=[Ty,Top o Tenl™

Aw =[Awy, Aw,,....A0,]",

e =€}, €€l

Eq =[Ew Eqoin Efdn]T J

iy =[id1'id2""'idn]T!

Toi =€qlg + (Xgi = Xg)igilgi

M =diag(M,M,,...M,),

D =diag(D,,D,,...,D,),

Tyo =diag(Tgoy, Tgops- Taon) s

xy =diag(Xyg, Xgpsees Xgn) s

x| =diag(X};, Xyp,-eer Xy )

The terminal voltage of the generator can be
expressed in x - y coordinates as following[13].

Vy=éy,—ixyd, —j(x, —x))I, (30)
where T =[1 15017 T =g T gpren T 0]

Substituting (30) into (26), the expression
ofI'g written in x - y coordinates:

ig =Kd[e'; —J(x,q —x&)jq +K V, +K V] (31)
where K, , K, K ,, is constant complex matrix:
Ky =K+ jxy)™

K.=K'4,
K, =K'A,
Vi =Vgelt
V, =V,e!%

From equation (31), the following (32) can be got:
[ g = Z K g [eakej(ﬁk*'ﬁdik) i (qu _ X:jk)iqkej(‘gk_90°+ﬂdik) i
k=1
KRkVRej(gﬁﬂRk +Baik) + KNkVNej(‘gz*ﬂNk*ﬁdm)] (32)
Where
K = K&, Ko =Kl Ky =Kel™
i=12,..,n
Equation(32) is expressed on x - y coordinates,
applying the conversion(33). (34) to equation(32) in
di-g;i coordinates, we get Equation (35). (36)
igg =TI, (33)
Vi =TV, (34)

where

. o . . . - - T
ldq _[Idl'Iql"dZ"qZ"""dn"qn] ’

I =[lga Vgl g gy

Ve =Var:Vr: Vo Vaz o Vgn Venl

o
Vy=Nga Vi Voo Vg2V Vol
sin g, —cos&i}

T
gnl’ Ignz] !

g2

gylr " gx21 T gy21°t
T =diag(T,,T,,..T,) . T, = .
9T T2 Th) [cos&i sin g,
i=12,..n
T is the transformation matrix, &; is the power angle of

No.i machine.

n

A ;. ARV

|di = E Kdik [_eqk Sin 5ikd + (qu - Xdk)lqk Cosaikd +
k=1

KaVg SinGg, + Ky Vy sinédy, ] (35)

n

. ' LAY i

i = E K ik [€qk COS Sy + (Xgx = Xa Vg SIN Sy +
k=

KgVg €05, + KV, C0sEy, ] (36)
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where

Oid =0k + Bax —6i + Orc =6, = (01 + Brc + Bai)
One = 0; = (0, + P + B ), 1=12,..n

Equation (35). (36) are generator current represented
in d;-g; coordinates.

4 COORDINATED CONTROL DESIGN

4.1 Linearization of system
The state equation of multi-machine including
HVDC system is rewritten as following:
dd/dt =w,(w-1) (37)
deo/dt=M (T, -T, - DAw) (38)
de, /dt =T}, '[E  —e} — (xq —x3)ig] (39
dVy,  kimy(cos@V,, —sind\Vy,) .

dt Tdcxl
k,m,(cosd,V,, —sind,V,,) (40)
TchZ
where T =egilg + (Xg = Xa)igilg (41)

Equation(37)~(39) and (41) will be linearized as
following

AS = v, Aw (42)

A =M (AT, - AT, - DAw) (43)

Aé =T} (AE —Aeg — (x4 —xy)Aiy) (44)
ATy =ligoAey +egpAly +

(Xgi = Xa)igioAly + (Xgi = X )igioAlg  (45)
Linearization of Equation(40) needs some
manipulation, briefly, linearization expression of
Equation(40) can be got as following Equation(46) if
considering Equation(26) and Equation(30). (35). (36)
simultaneously
AV = K A8 + K Aey + Ky AV, +
Ky, Am + K, A0 + K Am, + K, AG, (46)
where
AS =[A5,,A6,,..,A5,]", Aej, =[Ae}y, Aey,..... Ae, 1T
Substituting Equation (1). (2) into Equation(35). (36)
and linearizing Equation(35). (36)
Aiy =azAo+ ag Aeg + a4 AV, + amlAm1 +

a, A0, +a, Am, +a, A0, (47)
Aig =b;AS +b, Aeq +by AV + b, Am, +

b, A0, +b, Am, +b, A0, (48)

Then Equation (47). (48) are substituted into Equation
(43). (44) and (45)
Ad =M AT, + A;AS + A, Aeg +

Ay AVy + A, AMy + Ay AO, + A, Am, +

A, AG, — M DAw (49)
Aéy =Ty AE 4 + BsAG + By Aeg + By AV, +

B, Am, + B, A0, + B, Am,+ B, A0,  (50)
Neglecting the change of power of priming mover

AT, Synthesizing Equation(42). (46). (49). (50)we
have

PR bl ol e ]
.| = + (51)
AV | |4, Ko |lAVy| | 0 Bl Au,

where
Ax=[AS,Aw,Ae}]", Au, = AE

0 wd 0
A, =[AM, A0, AMy, AG, ] A =| A, -M7D A, |,
B, 0 B,
0 0 -
A,=| Ay | , A;=[K; 0 K,1, B,=| 0 |,
Bdc Téo_l

0O 0 0 O

B, =4, A, A, A, :Bsz[Km1 Kel sz Kaz]

Bml B,g1 Bmz }.’292
Equation (51) is the linearized expression of the whole
system.
4.2 Optimal coordinated control design

The proposed control scheme is based on
linearized expression (51), let

Ax A, A, B, B,
AX = ’ A = y B = '
AV, A, Ky 0 B,

Au, .
Au = , Equation (51) becomes
Au,

AX = AAX + BAu (52)
Based on linear optimal control theory, for the
performance index

I- % J': (AXTQAX + Au" RAu)dt (53)

where @, R are weight matrix.
The optimal control law is
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Au=-KAX (54) 09
and fn‘.
0.8
K=R'B'P (55) g |
where P is the solution of the Riccati equation 3 07 ' "1
A'P+PA-PBR'B'P+0=0 (56) '
5 SIMULATION 2 4 & 8 10

5.1 Simulation Conditions
A case of three-machine power system with
HVDC Light connected is studied (Fig.3), where Ly,
L, represent load, and load is simulated with
impedance.
1

2
Tagpl VSC VSC HOMM] |

. ny

Lzr_|_®

E 3 & HVDC Light 8 3l &%
Fig.3 Three-machine system with HVDC Light

In the simulation, two disturbance scenarios are
tested:

HH

Case 1:A three-phase fault of 0.1s duration is
assumed to occur at 0.5s at node 3.Simulation results

with the proposed controller are shown in Fig.4~Fig.7.
0.45

I

I
040} |

'
5035 |
g 1
# 030 VY PN T

i
025

0.20 ' ' :
0 2 4 6 8 10
t/s
B 4 FE—MERT 1SN 4SBT
Fig.4 Response of No.1 machine rotor angle respect to
No.4 machine for case 1 disturbance

0.002

0.001

Iy
OJV;\/Mj’
‘f

1]
—0.001
i

Aan/pu

0002 s s 10
t/s
& 5 F—MERT 1 STAMETK
Fig.5 Response of No.1 machine speed
for case 1 disturbance

t/s
6 F—MIFERT 2 SHX 4 SHABAXTI A
Fig.6 Response of No.2 machine rotor angle respect to
No.4 machine for case 1 disturbance
0.0050

0.0035

0.0020 |

=
2
§ 0.0005 |

-0.0010

-0.0025 . . ' .
0 2 4 6 8 10
t/s
7 E—MIBERT 2 S AMETL
Fig.7 Response of No.2 machine speed for case 1
disturbance

Case 2: 5% step in the power of No.1 machine,
Simulation results with the proposed controller are
shown in Fig.8~Fig.10.

The comparison is made between the proposed
coordinated control and independent control for
generators and HVDC Light respectively.

0.375 —=
'\
e S A e
B
E
&
0.325
0.300 - s s -
o 2 4 6 8 10

t/s
8 EMIERT 1SHX 4 SHENIIA
Fig.8 Response of No.1 machine Rotor angle respect to
No.4 machine for case 2 disturbance
0.0050

0.0035 |

2 4 6 8 10
t/s

9 EIMBERT 1 SHAMETK

Fig.9 Response of No.1 machine speed

for case 2 disturbance
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0.0003
0.0002} A
I

3 00001f [
T
S o WAL N—
—ooo0Lf §f ¥
~0.0002

2 4 6 8 10
t/s

B 10 E-#FERT 2 SHAMETL
Fig.10 Response of No.2 machine speed
for case 2 disturbance

5.2 Simulation Results

Response with the proposed controller is shown in
Fig.4~Fig.10 (real line). Dash line is the result of
independent control, where LOEC is used for
generators, and HVDC Light adopts PI
regulation[6-9,15]. From simulation results, it can be
observed that proposed control scheme provide better
damping characteristics during large disturbance of
power system.

The proposed coordinated control scheme is
investigated in a more complicated four-machine
power system shown in following Fig.11.In Figl1,
HVDC light is connected between node 4 and node
5,where HVDC Light is replaced by corresponding
injection current —I,andl,, and No 8 machine
represents infinite bus system.

1 2 3

)

Ly
6 4
I2
7 H 5
L2 8
)

11 & HVDC Light 1 4 1 &%
Fig.11 Four-machine system with HVDC Light

Different from the former, AVR+PSS will be
adopted by generator excitation control. It is assumed
that a three-phase short circuit fault occurs at node
1.Simulation results are shown in Fig.12~Fig16.

In Fig.12~186, real line is the response waves with
proposed coordinated control, dashed lines represent
the independent control for generators and HVDC
Light, where AVR+PSS is used in generator and
general Pl controller is adopted in HVDC Light.

2.5

t/s
& 12 1SHIfAmE

Fig.12 Response of No.1 machine Rotor angle

1.2 T
Lif g
0
9 i,
IS 1 1
% 1.0 A :\ "
h : li v Y
0.9 Ty Y
: '
t
0.8 ‘J . L . .
0 2 4 6 8 10

t/s
13 3 SHlTh AN
Fig.13 Response of No.3 machine Rotor angle
0.03

Aan/rad

-0.01

—0.03 . . . .
0 2 4 6 8 10
t/s
14 1 SHAMETK
Fig.14 Response of No.1 machine speed

0.004 . . . :

0.002 |

0

Aawslpu

-0.002

-0.004
0

t/s

15 3 SHlAMmEETL

Fig.15 Response of No.3 machine speed
1.2 : .

09}

Vu/pu

0.6

0.3

0o 2 4 6 8 10
t/s
16 1 SHlmREE
Fig.16 Response of No.1 machine terminal voltage
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Simulation results demonstrate the effectiveness
of the proposed coordinated control strategy,and
significant improvement in system dynamic responses
is obtained.

6 CONCLUSIONS

Mathematical model of HVDC Light in multi-
machine power system is derived, a coordinated
optimal control scheme between generator excitation
and HVDC Light is designed based on the linearized
equations of whole system, from simulation results, it
can be observed that the proposed control scheme can
better damp oscillation during large disturbance of
power system than independent control for generator
and HVDC Light respectively.
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APPENDIX: SIMULATION DATA
Mizk1 ZEBHBH

Tab.Al Generator parameters Unit:pu
Xy X4 Xq Tdo M
No.1 0.3186 0.9875 0.5502 6.7 9.0
No.2 0.2467  0.8667 0.5207 5.6 8.52
No.3 0.3789 0.8993 0.5819 6.3 10.6

MiFk2 [E3HrREESY

Tab.A2 Transmission line parameters of Fig.3 Unit:pu

Bus code Impedance Admittance
R X BI2
11 0.2305 0.115 0
12 0.06 0.3 027
2 2 0.42 0.15 0.08
23 0.02 0.2 0.18
33 0.65 0.27 0.00
3 4 0.05 0.03 0.01
4 4 1.0 05 0.00

Note: 1 1° represents impedance, admittance of node 1 to the ground,
1 2 represents impedance, admittance between node 1 and 2, same argument
for others.
The loads (impedance) parameters in p.u. of Fig.3
L,=1.0+j0.6, L, =0.6+j0.4

iz 3 3HRBHIEITEESH
Tab.A3 Generators operating points of Fig.3 Unit:pu

No. of generator ~ Type” P/pu Q/pu Vipu
1 -1 2.8 0.0 1.03
2 -1 2.1 0.0 1.02

Note:*Type: 1—PQ Bus; —1—PV Bus; 0—Slack bus.
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Mk 4 B 11 hEBEHIZITESE The loads (impedance) parameters in p.u. of Fig.11
Tab.A4 Generators operating points of Fig.11  Unit:pu L,=1.0+j0.6, L, =0.6+]0.4, L =0.8+j0.6
1=+ -9y L2 =Y. < L3 =Y. .

No. of generator Type P Q v LOEC and parameters:
1 -1 2.8 0.0 1.03
2 1 21 0.0 1.02 AE¢g= K, AP+K Ac+KyAV;
3 -1 2.3 0.0 1.03 Kp=12; K,=-20; Ky= 20
8 0 00 00 L0 AVR+PSS:
HVDC Light operating points: Ey = KAV, + KijAtht

P;+jQ:=0.5+j0.1 K, ST, 1+sT,
P,+jQ;=0.5+j0.15 V(s) = K, TesT, ﬁw(s)
Where: Py, Q;—active and reactive power fed by system

on rectifier side; P,, Q,—the active and reactive power feeding

into the system by HVDC Light.

Ka=200, K4=250, K;=1.0, T4=1.5, T,;=2.0, T,=0.2
HVDC Light parameters in p.u.
X1 =0.2384, Xo =0.31, kl =11, kz =1.2, Tac =0.5

Tab A5 T MH%, 5_ Ell,ll qﬂaﬁﬁ?g’%%gg_ 1 Unit P1 controller parameters for HYDC Light:
ab. ransmission line parameters of Fig. nit:pu ke=0.1, Te ~100.0, ky=0.1, T=0.02, ky=0.1, Ty=L0, k, 0.1,

BUS code Impedance Admittance T,=0.02, kp=0.1, Tp=0.02, kg =0.1, T¢=0.02, k_=0.1, T, =0.02,
R X B/2 kw=0.1, T}y=0.02
1 2 0.060 0.30 0.27
1 7 0.005 0.03 0.00 N
2 6 0.010 0.05 0.00 Yt HER: 2005-01-10.
2 8 0.020 0.20 0.18 fEEE
3 4 0.010 0.06 0.00 WIJKIR (1976-), 5, WS, FEHFARE N B
3 6 0.013 0.4 012 ARLER I RGP R
4 4 0.8 06 00 BklE (1964-), W, #HfZ, ELAESIN, BRI
5 5 06 0.4 0.00 R ia T H5iEH;
5 8 0.0132 0.1 0.00 RE4kB (1957-), 55, RIE#Z, FEWFMECN B RREITS
7 8 0.005 0.03 0.00 EEGIR
8 8 1.0 0.5 0.00
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