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Multivariable Feedback Design of VSC-HVDC
Connected to Weak AC Systems
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Abstract—Power-synchronization control is particularly ap-
plicable to voltage-source converters based high-voltage direct-
current (HVDC) transmission connected to weak ac systems. In
this paper, the multivariable feedback design aspect of the power-
synchronization control is investigated by two design approaches:
Internal model control (IMC) and H ., control. The paper shows
that both of the methods can meet the design requirements and
show good robustness with different model uncertainties and
load disturbances. The advantage of the IMC approach is that it
provides a transparent framework for control-system design and
tuning. The algorithm used for the IMC design in this paper is
simple, yet it achieves similar or even better performance and
robustness compared to the more advanced optimization-based
Hoo controller.

Index Terms—Control, converters, HVDC, phase-locked loops,
power systems, stability.

I. INTRODUCTION

OLTAGE-SOURCE converter (VSC) based high-voltage

direct-current (HVDC) transmission attracted significant
attention in recent years [1]. Several control methods have
been proposed. Among them, the vector current-control is the
most common control scheme [2], [3]. The basic principle
of vector current-control is to control the instantaneous ac-
tive power and reactive power independently through a fast
inner current-control loop. Vector current-control has been the
most widely used design for almost all grid-connected VSC
applications [4].

One of the advantages of VSC-HVDC, compared to the
conventional thyristor-based HVDC, is its potential to operate
in very weak system connections. However, several investiga-
tions have shown that VSC-HVDC based on vector current-
control also has problems in maintaining stable operation if
the connected ac system is weak [5], [6]. Therefore, a new
control method for grid-connected VSCs, i.e., the power-
synchronization control, was proposed in [7] to solve the
weak-ac-system connection problem. One of the major fea-
tures of the power-synchronization control is that the VSC
synchronizes with the ac system through an active-power con-
trol loop, similar to the operation of a synchronous machine.
By using power as a way of synchronization, the VSC avoids
the instability caused by a standard phase-locked loop (PLL)
in a weak ac-system connection [5], [8], [9]. Moreover, a VSC
terminal can give the weak ac system strong voltage support,
just like a normal synchronous machine does.
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Fig. 1. The main circuit diagram of a VSC converter connected to ac system.

The control of grid-connected VSCs is fundamentally of
multi-input multi-output (MIMO) nature, i.e., both the active
power and the alternating voltage at the point-of-common-
coupling (PCC) are to be controlled. In this paper, the multi-
variable feedback design aspect of the power-synchronization
control is investigated by two design approaches: Internal
model control (IMC) and H, control.

II. VSC-HVDC CONNECTED TO WEAK AC SYSTEMS

Fig. 1 shows the main circuit diagram of a VSC-HVDC
converter connected to an ac system. L. and R, are the
inductance and resistance of the phase reactor of the VSC,
and L, and R, are the inductance and resistance of the ac
system. C'y is the ac capacitor connected at the PCC. The
bold letter symbols E, ug, and v represent the voltage vectors
of the ac source, the PCC, and the VSC. Ey, Uyg, and Vj,
are their corresponding voltage magnitudes. The ac-source is
used as the voltage reference, and the load angles of uy and
v are 0,0 and 6, respectively. P and () are the active power
and reactive power from the VSC to the ac system. i, is the
ac-current vector of the phase reactor, and i, is the ac-current
vector from the ac source.

A. Characteristics of Weak AC Systems

A weak ac system is typically characterized by its high
impedance. As the ac-system impedance increases, the voltage
magnitude of the ac system will become ever more sensitive
to power variations of the HVDC system. This difficulty is
usually measured by the short-circuit ratio (SCR), which is a
ratio of the ac-system short-circuit capacity vs. the rated power
of the HVDC system. SCR is directly related to the ac-system
inductance L4. By neglecting the resistance R, and if L, is
expressed in per unit (p.u.) value with line-to-line voltage of
the ac system, and the rated power of HVDC system as base
value, SCR can be expressed as

1
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SCR = (1)



where w; is the angular frequency of the ac system. If the
frequency of the ac system is assumed to be constant and
nominal, i.e., w; = 1.0 p.u., SCR is simply the inverse of L.
Besides the voltage-control difficulty, SCR also imposes a
theoretical limitation on the maximum power that the HVDC
system is able to transmit to or from the ac system. This can
be shown by the following well-known power-angle equation
P= M in 6,0 2)
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i.e., the maximum load angle between the ac-source and the
PCC bus of the VSC-HVDC cannot be beyond 90° in steady-
state. The VSC-HVDC based on power-synchronization con-
trol theoretically is able to maintain operation at load angles
very close to 90°. However, in practice, the load angle and
the bandwidth of the controller should be limited to ensure a
safe stability margin [7].

Low-order-harmonic resonance is another concern for VSC-
HVDC connected to weak ac systems. With the increasing
ac-system inductance, the resonance frequency between the
ac filter of VSC-HVDC (or other large shunt capacitors in
the proximity) and the ac-system inductance tends to be
lower. Therefore, it is essential for controllers of VSC-HVDC
converters to provide damping to those resonant poles.

B. Modelling of VSC Connected to a Weak AC System

In a synchronous reference frame, the dynamic equations of
the main circuit in Fig. 1 can be written as

di. . .
cdilt =V—-ur— R, — ]wchlc
day . .
C’f—f =i.+1iy — jwiCruy
dt
di . ) .
Lgd—tg =E —u; — Rjiy — jwiL4iy 3)

and in dg-component form

di
L. ;;d = Vg —Ufd — Reicq + Wchicq
di
L. cll;q =g —Upqg — Releqg —wiLeicq
du . .
Cr d;d = ded +iga + wi1Crugg
du
Cy d;;q = leq +igqg —w1Crusa
di
Lq (Ziffd = Eo —uga — Ryiga +wiLgigq
di
Ly~ = —ugy = Ryigg — w1 Lyiga. @)

For power-synchronization control, the system is controlled by
adjusting the phase angle # and voltage magnitude V' of the
VSC output. Thus the real and imaginary parts of the VSC
vector vg and v, can be expressed as

vg =V cost vy =Vsind. 5)

The output variables which are of importance for VSC control
are the active power P and the voltage magnitude Uy at the
PCC. These variables are defined as

P =Re{usit} Up=,/U%+U2. (6)

The state-space model can be obtained by linearizing (4), (5),
and (6), which yields the following form

%x = Ax + Bu
y =Cx+ Du @)
where
Af AP
“lavw |7 | Ay

X = [Aded, Aieg, Aupa, Atipg, Niga, Nigg]” (8)

The state-space representation (7) can also be written in input-
output transfer matrix form

y(s) = [C.(sI—A)*l.B+D}u(S) ©)
which yields
ap Jpa (s)  Jpv (s) Af
AUp |- l Jop(s) Jowis) || v | 1Y

J(s)

C. High-Pass Current Control

In VSC-HVDC applications, the resistance in the system is
usually very low. Thus, the resonances in the ac system have
to be damped out by the control system. This is especially
important for VSC-HVDC connected to weak ac systems,
where the low-order harmonic resonance may interact with
the control system of the VSC. Therefore, a high-pass current
control was proposed in [7] to add “active damping” to
the resonant poles. The high-pass current controller has the
transfer function

ks

e ()= 5 s
v

(1D
For the convenience of the control design, Hyp (s) is treated
as a part of the system model J (s). By including Hyp (s), the
dynamic equation of the phase-reactor part (the first dynamic
equation) in (3) is modified as

dic

L.=C
dt

:V—HHP (8) ic — ur —Rcic—jwchiC. (12)
To fit (12) in the state-space form, a new state variable zlc
needs to be introduced. With the new state variable 7, (12) is

expressed as

di /
eg = Ll + (v = (Rt by + a0 Le) o = ug — jer L)
di; . . .
LCE =, (Vv — Reie —ug — jwi Leie) (13)

Replacing the phase-reactor dynamic equations in (3) by (13)
and following the same procedure in Section II-B, the transfer
matrix J (s) including Hyp (s) can be obtained. As shown by
the pole-zero map of J (s) in Fig. 2, the effect of Hyp (s) is
to shift the resonant poles of .J (s) towards the left half plane.
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Fig. 2. Damping effect of Hygp (s) on the resonant poles of J (s). Blue:
J (s) without Hyp (s), Green: J (s) with Hyp (s). Main circuit parameters:
Ly = 0.667 p.u. (SCR=1.5), R; = 0.01 p.u.,, L = 0.2 p.u., R =
0.01 p.u., Cy = 0.17 p.u.. Initial conditions: Vo = 1.05 p.u., Ep =
1.0 p.u., 00 = 60°. Hyp (s): kv = 0.35 p.u., oy, = 40 rad/sec.

D. Reduced-Order Model

By including the high-pass current control Hyp (s), J (s)
becomes 8th order. Such high-order models often lead to high-
order controllers, as the controller-design approaches used in
this paper are all based on the model J (s). For VSC-HVDC
applications, the ac capacitor often has a low value. Therefore,
a reduced-order model without the ac capacitor is adopted in
this paper for the controller design, while the robustness of
the controller with different ac-capacitor sizes is verified by
time simulations.

Following the procedure described in [7], the four transfer
functions of the transfer matrix J (s) including Hyp (s) can
be derived. All the four transfer functions have the general
form

a082 +ais+ as

o () = (sL+ R+ Hup ()2 + (w1 1)°

(14)

where the inductance L and resistance R are defined as

L=L,+L. R=R,+R. (15)

and the a-coefficients are listed in Table I, with the k-
parameters defined as

k1 = VoUyo cos (0uo — Ouo)
k‘Q = VQUfO sin (evo — euo)
k3 = E()VO COS Gv()

k4 = E()VO sin 01,0. (16)
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Fig. 3. Active-power P and alternating-voltage Uy step responses with

decentralized controllers.

TABLE 1
COEFFICIENTS OF THE TRANSFER FUNCTIONS OF (14)

ag wL*l (k3 — k1)

Jpo (s) ai %};NS)) (ks — k1) — Lko

az | wiLks — (R+ Hyp (s)) ka

ag | —LLgka/Ugg

Juse (s) || a1 | — (R+ Hup () Lgk2/Uso

az | —w?LLgka/Uso — (R+ Hup (s)) Lgk1/Uso
ao ﬁ (k4 — k2)

Jev (s) || m @ (kg — ka2) + Lk1

a2 | wiLks + (R+ Hup (s)) k3

a0 | LLgk1/Ugo

Jupv(s) || a1 | (R+ Hup (s)) Lgk1/Uyo

az | wiLLgk1/Ujso — (R + Hup (s)) Lgk2/Uso

III. MULTIVARIABLE INTERNAL MODEL CONTROLLER
DESIGN

Although the individual couplings between the active power
and the phase angle of the VSC on the one hand, and the
magnitudes of the PCC voltage and the VSC voltage on the
other hand are very strong, the interaction between the two
channels exists, especially if higher bandwidth of the controller
is required. Fig. 3 shows the step responses of the active power
P and alternating voltage Uy with decentralized controllers.
The plots clearly show the cross-coupling between the two
control channels.

A. Controller Design

The concept of IMC design originally came from the
idea that the complete system includes the process model
explicitly in addition to the controller [10] as shown by
the block diagram in Fig. 4. For the application of VSC-
HVDC, r(s) = [P, U]’Eef}, u(s) = [Af, AV/Vy], and
y (s) = [P, Uy]. If the process .J (s) is stable and the process
model J (s) is equal to J (s), the whole system is internally
stable if and only if K (s) is stable. Thus, if we choose

K (s)=J"(s)F(s) 17
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Fig. 4. Block diagram of Internal Model Control system.

the output response would be
y(s)=J(s) T () F(s)7(s) = F(s)7(s).

Therefore, the closed-loop bandwidth would be solely deter-
mined by the filter F' (s), which is often defined as a first-order
filter with the desired bandwidth. However, in the application
of VSC-HVDC, the above philosophy cannot work directly,
since the transfer matrix J (s) contains a right-half plane
(RHP) zero, as shown in Fig. 2. A direct inverse of J (s)
would end up with an unstable controller.

In such a situation, a factorization technique needs to
be applied [11]. Consequently, the process model can be
factorized into two parts

T (s) = Jn (5) T (3)

(18)

19)

where J, (s) contains the invertible elements and jp (s)
contains the non-invertible elements.

An easy factorization method is to place the RHP transmis-
sion zero at the diagonal part of J, (s) as

gRHP—S 0

RHP+S

Jp () = 0 Zrsip—s 1 (20)
Zrup+s

where Zgrpp is the RHP transmission zero of the transfer
matrix J (s). The invertible matrix J, (s) can be solved by
(19) and (20). A low-pass filter matrix F (s) is chosen to
specify the closed-loop bandwidth

AXp
[ st+ayp

F(s) = 1)

0 S

S+,

where o, and «,, are the desired bandwidths of the active-
power controller and alternating-voltage controllers. In de-
termining the bandwidth oy, and o, the RHP transmission
zero of J (s) has to be considered. As a rule of thumb, the
bandwidth of the closed-loop system should be chosen at least
lower than half of the location of the RHP zero [12].
Thus, the controller is designed as
K(s)=J; (s)F(s).

n

If the model is assumed to be perfect, i.e., J (s) J; ! (s) =
Jp (s), then the output response would be

y(s) = Jp(s) F(s)7(s).

Because both J,(s) and F (s) are diagonal, the resulting
closed-loop response is also diagonal. As shown by the active-
power and alternating-voltage step responses with the linear
model in Fig. 6, the IMC controller successfully decouples the
cross-coupling between the two control channels.

(23)

y(s)

—> J(s)

Fig. 5. IMC in classical feedback-control structure.
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Fig. 6.  Active-power and alternating-voltage step responses of the con-

troller designed by IMC. Main circuit parameters: L4=0.667 p.u. (SCR=1.5),
Ry=0.01 pu., Lc=0.2 p.u.,, R:=0.01 p.u.. Initial conditions: Vp=1.05 p.u.,
Eo=1.0 p.u., ,0=56°. Hyp (s): kv=0.35 p.u., a,=40 rad/sec. IMC con-
troller: a,=200 rad/sec, o, =200 rad/sec.

The IMC controller can easily be formulated in the classical
feedback-control structure, as shown by the block diagram in
Fig. 5. The controller K~ (s), therefore, can be written as

’

K (s) = K (s) (1 Y T(s) K (s))fl (24)

where [ represents the identity matrix. Substituting (19) and
(22) into (24) yields

K' (s)=J;'(s)F(s) (1+@(5)F(5))_1. (25)

B. Robustness with Model Variations

Due to its feedback-control nature, IMC is able to compen-
sate for disturbances and model uncertainties. Consequently,
the procedure of the IMC design is iterative. If the closed-loop
performance is not satisfactory, the IMC controller has to be
detuned (choosing lower bandwidths of F(s)) to ensure its
robustness. In this section, the robustness of the multivariable
IMC controller is demonstrated by a nonlinear VSC-HVDC
model built in the PSCAD/EMTDC time-simulation software.
The main circuits and control parameters are based on those
that have been used in Fig. 6. The robustness of the controller
is demonstrated with the variations in the following four
categories:

o Ac capacitor sizes.
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e Power transmission levels.
e Ac system SCRs.
o Load disturbances.

Fig. 7 shows the active-power (0.1 sec and 0.6 sec) and
alternating-voltage (0.3 sec and 0.8 sec) step responses when
different sizes of ac capacitors are connected. It shows that
the influence of the ac capacitor is minor, which justifies the
design of the controller based on the reduced-order model. In
the rest of the plots in this section, a normal-size ac capacitor
(Cy = 0.17 p.u.) for VSC-HVDC is assumed.

Fig. 8 and 9 are the active-power and alternating-voltage
step responses when the VSC-HVDC operates with different
active-power levels and connects to ac systems with different
SCRs. Fig. 9 shows a case with an ac-system strength of
SCR = 1.0 (red curve), where fairly good performance has
been achieved even though the VSC-HVDC is operating very
close to the theoretical power-transmission limit.

Fig. 10 demonstrates the controller responses with different
load disturbances. The tests are done by connecting a constant-
power load Pj, at the PCC at 0.1 sec and disconnecting it at
0.6 sec. The IMC controller shows good robustness when the
alternating voltage is temporarily limited by the direct-voltage
level (Pr, = 0.3 p.u., blue curve).

IV. MULTIVARIABLE H,, CONTROL DESIGN

Hoo control is another methodology for MIMO controller
design. The main feature of the H., controller is its explicit
way in dealing with model uncertainties, i.e., an H, controller
can achieve closed-loop stability with satisfactory performance
under process variations as well as in the presence of other
uncertainties such as disturbances and errors in the sensors.

Fig. 11 shows a standard multivariable feedback-control
block diagram including process uncertainties. A4 (s) and
Ay (s) represent the additive and multiplicative uncertainties
respectively. The transfer matrices S(s), R(s) and T'(s) are
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defined as

S(s) = (I+J(s)K (s)""
R(s)= K (s) (I +J () K (5)) "

T(s)=J()K(s)(I+T()K ()™ 26)

where S and 7' are known as sensitivity and complementary
sensitivity functions respectively. The matrix R does not have
a name yet.

The singular values of the sensitivity function & (S (jw))
determine the disturbance attenuation, because S (s) is in
fact the closed-loop transfer function from disturbance to
plant output. Thus, a disturbance attenuation performance

specification can be written as
5 (S (jw)) < Wyt (jw) | 27

Allowing [W; ! (jw)| to depend on frequency w enables to
specify a different attenuation factor for each frequency w. In
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Fig. 11. Additive and multiplicative uncertainties.

Hoo control, the performance can be achieved by finding the
controller K (s) through solving the problem

W1 (jw) - S (jw) oo < (28)

where oo denotes the infinite norm. The value v is a con-
stant which indicates the accuracy to which the optimal loop
matches the desired loop shape.

The singular values of the complementary sensitivity func-
tion & (T (jw)) are used to measure the stability margins with
respect to A 4 and Ay, respectively, as shown in Fig. 11.

Assuming the additive uncertainty Ay (jw) = 0, taking
7 (Apr (jw)) to be the definition of the size of Ay (jw),
the size of the smallest multiplicative destabilizing uncertainty
Ay (Jw) is

1
The smaller is & (T (jw)), the greater will be the size of the
smallest destabilizing multiplicative perturbation, and hence
the greater will be the stability margin.

A similar result is available for relating the stability margin
with respect to the additive plant perturbations

o
)}

As a consequence of (29) and (30), the stability margins of
control systems are specified via singular-value inequalities

(29)

(30)

such as
5 (R (jw)) < W5 (jw)|

7 (T (jw)) < [W5 ' (jw)|. 31

It is common practice to lump the effects of all plant un-
certainties into a single fictitious multiplicative perturbation
Ay, ie., allowing |W; ! (jw) | to depend on frequency w to
specify a different attenuation factor for each frequency w.
The stability margin can be achieved by finding the controller
K (s) through solving the problem

W3 (jw) - T (jw) [loo <7-

In order to guarantee closed-loop stability and at the same
time to achieve desired control performance under process
uncertainties, the objectives of performance and robust sta-
bility can be simultaneously achieved by finding a controller
K (s) that satisfies both (28) and (32). The solution of the
optimal problem is often called H, controller based on
mixed performance and robustness objectives. The numerical
methods for solving H., optimization problem are usually
complex. Thus, commercial softwares, such as MATLAB, are
commonly used to ease such tasks. The major work for the
designer is then to specify W; (jw) and W35 (jw) to meet the
design requirement of the control performance and robustness.
Following the definition in (26), the sensitivity function S
and complementary sensitivity function 7" have the relation

S(s)+T(s)=1 (33)

i.e., S and T cannot both be small at the same frequency. The
relationship between S and T reflects the inherent conflict
between control performance and robustness. Fortunately, this
conflict can be resolved by requiring S to be small at low
frequencies, and 7" to be small at high frequencies, due to
the fact that the control performance is more important in the
low-frequency range, while measurement noise and other plant
uncertainties are often of high-frequency nature.

In H. design, the closed-loop system performance is
basically defined by W; (jw) and W3 (jw). Optimization
algorithms are used to synthesize the controller with the
bandwidth between the crossover frequency of Wi (jw) and
W35 (jw). Similar as the IMC design, the RHP zero has to be
considered in determining the bandwidth of the closed-loop
system, i.e., the desired bandwidth should be lower than half
of the RHP-zero location. The basic principle for selecting
weighting functions are to give W (jw) a low-pass property
and W3 (jw) a high-pass property. It is necessary to ensure
that the crossover frequency for the bode plot of Wy (jw) is
below the crossover frequency of W3 (jw), such that there is
a gap for the desired loop shape to pass.

Fig. 12 shows the Bode diagrams of W; (jw) and W3 (jw),
which have the following transfer functions

(32)

_ 8/M 4 ws
Wi (s) = s+ Ag *xwg
+ M

Wi (5) = w1/ (34)

T Apx s+ wr

where M represents the desired bounds on ||S]| and ||T||s0»
Ag and Ar are the desired disturbance attenuation inside
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Eo=1.0 p.u., 8,0=56°. Hyp (s): ky=0.35 p.u., =40 rad/sec. Hoo con-
troller: M = 2.0, Ag=0.0002, Ap=0.03, wg = 120 rad/sec, wyr =
220 rad/sec.

bandwidth for S and T, and wg and wy are the crossover
frequencies of W; and W3 respectively.

As shown by the active-power and alternating-voltage step-
responses in Fig. 13, the H, controller also successfully de-
couples the cross-coupling between the two control channels.
However, different from IMC, where a transparent algorithm
was used, H, control achieved the decoupling through op-
timization. Consequently, a slight cross-coupling can still be
observed in Fig. 13. The control parameters have been chosen
in such a way that the H., controller has the same response
time as the IMC controller to easily compare the results from
the two controllers.

Fig. 14, 15, 16, and 17 show the results of the robustness
tests for the H ., controller that correspond to the tests done for
the IMC controller in Fig. 7, 8, 9, and 10. Generally speaking,
both of the two control designs give good performance and ro-
bustness. While H, shows slightly better robustness with ac-
capacitor and power-level variations, the IMC controller shows
better robustness with SCR variations and load disturbances. In
addition, the IMC controller generally shows better agreement
between the linear model and the nonlinear model than the
Hoo controller does.
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Fig. 14.  Active-power and alternating-voltage step responses of the Hoo

controller with variations of ac-capacitor sizes. Dashed: Reference signals,
Red: C'4=0.0, Green: C'y=0.17 p.u., Blue: C'y=0.34 p.u..
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Fig. 15. Active-power and alternating-voltage step responses of the Hoo

controller with variations of power-transmission levels. Dashed: Reference
signals, Red: P = 0.2 p.u., Green: P=0.5 p.u., Blue: P = 0.8 p.u..

V. CONCLUSIONS

In this paper, the multivariable feedback control aspect of
the power-synchronization control for VSC-HVDC is investi-
gated by two design approaches: IMC and H., control. The
algorithm used for the IMC design is simple and transparent,
yet it achieves similar or even better control performance and
robustness compared to the more advanced optimization-based
Hso control. The investigation also shows:

¢ VSC-HVDC based on power-synchronization control is
able to achieve good performance and robustness even in
very weak ac-system connections.

. The cross-coupling between active-power and
alternating-voltage control can be effectively decoupled
by multivariable feedback design approaches.

o The high-pass current control effectively provides damp-
ing to the resonant poles. It is especially useful in weak
ac-system connections where the low-order harmonic res-
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Fig. 16.  Active-power and alternating-voltage step responses of the Hoo

controller with variations of SCRs of the ac system. Dashed: Reference
signals, Red: SCR=1.0 p.u.. Green: SCR=1.5 p.u.. Blue: SCR=3.0 p.u..
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Fig. 17. Robustness of the Hoo controller under load disturbances. Dashed:
Reference signals, Red: Py, = 0.1 p.u., Green: Py, = 0.2 p.u., Blue: P, =
0.3 p.u..
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onance can otherwise interfere with the control systems
of VSC-HVDC.

The reduced-order system model can serve as a good
base for the controller design, which results in lower-
order controllers.
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