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Power-Synchronization Control of Grid-Connected
Voltage-Source Converters

Lidong Zhang, Member, IEEE, Lennart Harnefors, Senior Member, IEEE, and Hans-Peter Nee, Senior Member, IEEE

Abstract—In this paper, a novel control method of grid-con-
nected voltage-source converters (VSCs) is proposed. The method
can be generally applied for all grid-connected VSCs but may
be of most importance in high-voltage dc (HVDC) applications.
Different from the previous control methods, the proposed method
utilizes the internal synchronization mechanism in ac systems,
in principle, similar to the operation of a synchronous machine.
By using this type of power-synchronization control, the VSC
avoids the instability caused by a standard phase-locked loop in
a weak ac-system connection. Moreover, a VSC terminal can give
the weak ac system strong voltage support, just like a normal
synchronous machine does. The control method is verified by both
analytical models and time simulations.

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

I. INTRODUCTION

ULSEWIDTH-MODULATION (PWM)-based voltage-
P source converter (VSC) techniques have been widely used
in grid-connected applications, such as adjustable-speed drives
(ASDs) with PWM rectifiers, power quality improvement, wind
turbines, etc. [1]. Thanks to the gradually increased rating and
reduced costs, they have also been applied for high-voltage dc
(HVDC) transmission in recent years [2]. Compared to the con-
ventional thyristor-based HVDC, VSC-HVDC has a number
of technical merits: reactive-power support to the ac system,
possibility to connect to very weak ac systems, black-start
capability, and lower cable cost, just to name a few.

Several control methods of grid-connected VSCs have been
proposed. Among them, power-angle control and vector-current
control are the two that have been mostly investigated [3]. The
principle of power-angle control is fairly simple and easily im-
plemented. The active power is controlled by the phase-angle
shift between the VSC and the ac system, while the reactive
power is controlled by varying the VSC voltage magnitude [4].
Power-angle control has been studied for HVDC, static-syn-
chronous-compensator (STATCOM), and wind-turbine applica-
tions [5], [6]. One disadvantage of power-angle control is that
the control bandwidth is limited by a resonant peak at the grid
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frequency [6]. Another disadvantage is that the control system
does not have the capability to limit the current flowing into the
converter [7]. The latter is a serious problem, as VSCs usually do
not have an over-current capability. In high-power applications,
it is highly important for the control to limit the valve current
to prevent the converter from being blocked (tripped) at distur-
bances.

Vector-current control [6] is a current-control-based tech-
nology. Thus, it can naturally limit the current flowing into
the converter during disturbances. The basic principle of
vector-current control is to control the instantaneous active
power and reactive power independently through a fast inner
current control loop. By using a dg decomposition technique
with the grid voltage as phase reference, the inner current con-
trol loop decouples the current into d and ¢ components, where
outer loops can use the d component to control active power or
direct voltage, and the ¢ component to control reactive power or
alternating voltage. Due to its successful application in ASDs,
doubly-fed induction-generator (DFIG) wind turbines, etc.,
vector-current control has become the dominant control method
for grid-connected VSCs in almost all applications today [8].

Interestingly, as one of the original purposes to use VSCs
for HVDC applications was its possibility to connect to very
weak ac systems, where the conventional thyristor-based HVDC
is not applicable, some difficulties have been experienced by
VSC-HVDC based on vector-current control in weak ac-system
connections [9], [10]. One of the problems is the low-frequency
resonance that is typically present. This can interfere with the
fast inner current control loop, thereby limiting the VSC con-
trol performance [7], [11]. The other one has to do with the
phase-locked loop (PLL). In almost all VSCs connected to ac
systems, a PLL is used to obtain an accurate synchronization
to the ac system [12]. This has since long been believed to be
a pre-condition for any grid-connected VSC. However, several
investigations have shown that the PLL dynamics might have
a negative impact on the performance of VSC-HVDC in weak
ac-system connections [9], [11], [13].

This paper proposes a new synchronization method, the
so-called power synchronization, as an alternative to a normal
PLL. In some way, power-synchronization control is similar
to power-angle control, e.g., using phase angle and voltage
magnitude to directly control active power and reactive power.
However, a major difference is that no PLL is needed in
power-synchronization control. Besides, typical problems
with power-angle control, such as the resonant peak at grid
frequency and converter over-current limitation, are properly
treated in the proposed control. The latter, in fact, is similar to
vector-current control.

0885-8950/$26.00 © 2009 IEEE
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Fig. 1. Synchronization mechanism between SMs in an ac system.

The paper is organized as follows. In Section II, the power-
synchronization concept is illustrated by a small power system,
and a power-synchronization control law for VSCs is proposed.
In Section III, the transfer functions of active power versus load
angle, and reactive power versus voltage magnitude are derived.
In Section IV, the overall controller design based on power syn-
chronization is described. In Section V, the proposed control
design and analytical model are verified by a VSC-HVDC link
model in PSCAD.

II. CONCEPT OF POWER SYNCHRONIZATION

A. Power-Synchronization Mechanism Between Synchronous
Machines

In this subsection, the power-synchronization mechanism be-
tween synchronous machines (SMs) in ac systems is described.
The mechanism is illustrated by a simple system consisting of
two interconnected SMs as shown in Fig. 1. SM; operates as a
generator and S M operates as a motor. The reactance X is the
sum of the reactances of the SMs and that of the line intercon-
necting the two SMs. All resistances and other damping effects
are disregarded.

Initially, it is assumed that the two SMs operate at steady
state. Two phasors F; and F» represent the line-to-line equiva-
lents of the inner emfs of the two SMs, respectively. These emfs
are assumed to be constant at all times (even during transients).
The electric power transmitted from SM; to SMs is given by

. E1E2 sin 6

P
X

6]
where 6 is the electrical angle separating the two emfs F; and
FE5. The mechanical torque 7,17 of SM; is now increased by
a certain amount for a short duration and then brought back to
its initial value. As a consequence of the temporary increase of
T,n1, the mechanical angle of the rotor of SM; advances, as
predicted by the generator-mode swing equation

dwm 1
J =
Y

ml — Tel (2)

where .J; is the total inertia of the shaft-system of SMj, wy,1 is
the rotor speed, and T; is the electromagnetic torque of SMj.
Since the emf of a synchronous machine is tightly connected to
the rotor position, the advance of the mechanical angle of the
rotor of SM; inevitably causes an advance of the phase of the
emf of SM;. Due to the phase advancement of F, the phase
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difference between the emfs of the two SMs is increased. Ac-
cording to (2), this translates into an increase of the electric
power transmitted from SM; to S M. This increase in power
is equivalent to an increase in the electromagnetic torque 7,5 of
S Ms. Assuming that S M» has a constant load torque 7,2, the
rotor of S M, starts to accelerate as dictated by

dwm 2
J =
>t

e2 — Tm2 (3)

where .J; is the total inertia of the shaft-system of SM;, and
wma2 18 the mechanical angular velocity of S Ms. As the rotor of
S M starts to accelerate, the same thing occurs with the phase
of F5. The acceleration of the phasor Fs results in a reduction of
the phase difference between the emfs of the two SMs. After a
transient, which in reality involves a certain amount of damping,
the phase difference between the emfs of the two SMs is brought
back to its initial value (as the transmitted electric power), and
the system is again at steady state.

The example shows that if the emf of one SM changes its
angular position, the other SM will follow in order to maintain
synchronism. This synchronization mechanism is known to all
power system specialists. The important observation to make
here, however, is that the synchronization process is achieved by
means of a transient power transfer. The same kind of synchro-
nization also appears in large systems of interconnected syn-
chronous machines. Due to the fact that synchronous machines
can stay in synchronism in cases where vector controlled VSCs
are prone to fail, it makes sense to suggest a control method
based on a synchronization process where the electric power is
the communicating medium. Since the mechanical angular ve-
locity w,, is the derivative of the angular position, (2) represents
a double integration when going from torque (or electric power)
to angular position. This double integration, inherently, yields a
poor phase margin even with considerable damping. In the next
subsection, therefore, a controller based on power synchroniza-
tion employing only a single integration is suggested.

B. Power-Synchronization Control of VSCs

From the discussion in the preceding subsection, it is known
that the SMs in an ac system maintain synchronism by means
of power synchronization, i.e., a transient power transfer. This
power transfer involves a current which is determined by the
interconnecting network. Generally, this current is unknown. If
power-synchronization should be used to control a VSC, there-
fore, it cannot be combined with a vector-current controller,
which requires a known current reference. As will be shown
below, the active power output from the VSC is instead con-
trolled directly by the power-synchronization loop and the reac-
tive power (or alternating voltage) is controlled by adjusting the
magnitude of the voltage. Consequently, an inner current loop
is not necessary. The only exception is during severe ac system
faults. In such cases, the control system needs to switch to the
current-control mode in order to prevent over-current of the con-
verter valves. Meanwhile, a backup PLL is applied to provide
synchronization. This issue is addressed in Section IV-F. The
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Fig. 2. Active-power control block diagram of a VSC using power-synchro-
nization control.

power-synchronization control law for VSCs is now proposed
as

dAf
W = kp(-Pref - P) (4)

where Pt is the reference for the active power, P is the
measured active power output from the VSC, k, is the con-
troller gain, and A6 is the output of the controller. As already
mentioned above, Af directly provides the synchronization
for the VSC. An additional PLL is obviously not necessary
during normal operation. The dynamic process of a VSC
using power-synchronization control is very similar to that of
interconnected SMs. The transmitted power is increased or
decreased by shifting the output voltage phasor of the VSC for-
wards or backwards. The design of the power-synchronization
loop is described in detail in Section I'V.

The proposed control law is not an exact copy of the swing
equation of an SM. In the SM case, the change of the electrical
angle from the power reference involves the governor and tur-
bine-rotor dynamics, while for the VSC, it is easily achieved
by a simple integration process. In Fig. 2, the block diagram of
the power-synchronization control loop is shown. The transfer
function Jpg(s) is the ac system transfer function from A#f to
AP. This transfer function is derived in Section III-A.

III. TRANSFER FUNCTIONS OF ACTIVE POWER VERSUS LOAD
ANGLE AND REACTIVE POWER VERSUS VOLTAGE MAGNITUDE

Consider an ac system where two nodes, having the line-to-
line voltages F and V, respectively, are interconnected by a line
with the reactance X . In steady state, the active power P and
reactive power () from the node with the voltage V' are given by
the well-known relations

EVsinf
P = —x 5)
V2 - EV cosd
Q=—F%— ©)

where 6 is the load angle between the two nodes. Active power
versus load angle and reactive power versus voltage magnitude
are two of the most important dynamic relations in power sys-
tems. However, due to historical reasons and to the comparably
slow dynamic processes of traditional power systems (with a
negligible amount of power electronic devices), these two dy-
namic relations are often analyzed using so-called quasi-static

AC-Source <P—’Q VSC
:EAO L R A vze %Q
+ +
E v

Fig. 3. Simplified VSC-ac system connection for dynamic analysis.

methods [14], which basically take the partial differential on (5)
with 6, and (6) with V. Thus

0P EV cos#

WX @
9Q 2V — Ecost

av_— X ®)

Quasi-static analysis is only useful for relatively slow dynamic
processes, and gives qualitative results, since the network
electromagnetic transient is not considered in the equations.
To analyze fast power components, such as power electronic
devices, the electromagnetic transient is vital for the control
performance. Thus, more rigorous mathematical transfer func-
tions are needed. In this section, the transfer functions of active
power versus load angle, and reactive power versus voltage
magnitude are derived based on Kirchhoff’s voltage law and
space vector theory. Fig. 3 shows a simplified VSC-ac system
connection, where the ac-system impedance and VSC phase
reactor are lumped together and represented by an inductor L
and resistor R. The space vector of the ac-source voltage E’
and the VSC voltage v® are given by

2w sam
E° = (e,,,—l—e] 3ep+els e()

v =

WliNnw| N

(va T+ e T+ ej%rvc) 9

where

ea = E cos(wit)

2
ep = F cos (wlt - %)

4
e. = FEcos <w1t - _7r>
3
v, =V cos(wit + 6)

2
vy =V cos (wlt— % —1—9)

4
ve =V cos (wlt - ?” + 9) . (10)

w1 is defined as the angular synchronous frequency of the ac
source. The superscript s denotes the stationary reference frame,
i.e., a reference frame with the real axis aligned with e,. Con-
sequently, the ac source has zero initial phase angle, while the
VSC is assumed to lead the ac source by the load angle #. P and

@ represent the active and reactive power outputs from the VSC
and i is the alternating current vector from the VSC.
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A. Transfer Function of Active Power versus Load Angle

To start, the voltage control law for the VSC is given by

Vig=V (1)
where superscript ¢ denotes the converter dq frame, i.e., a ro-
tating reference frame with the d axis aligned with the vector
v?. Equation (11) is the simplest control mode. Physically, it
can be interpreted as that the VSC simply produces a sinusoidal
waveform with the voltage magnitude V. The active power is
controlled by moving the load angle forwards or backwards by
the power-synchronization law (4).

If the three-phase system is symmetrical, the dynamic equa-
tion in Fig. 3 can be described by Kirchhoff’s voltage law as

I di®

7 =v° — E° — Ri*.

12)

Equation (12) can be transformed into a rotating reference frame
with the d axis aligned with E®. This is achieved by using the
relations

E° = Ec«1t v = vel«tt

i =ie/’, (13)
Substituting (13) into (12) yields the dynamic equation in the
ac-source dq frame

LQ—V—E—Ri—jwlLi.

i (14)

The converter dq frame leads the ac-source dq frame by the load
angle 6. If the switching-time delay is neglected and it is as-
sumed that |v¢ | does not exceed the maximum voltage mod-
ulus, then v = vfefej % Equation (14) can be written in compo-
nent form. Thus

di
L% =Vcosl — E — Riqg+ w1 Li,

di

—4 —Vsinf — Ri, — w1 Lia. (15)

Let the voltage magnitude of the VSC be kept constant,i.e., V =
Vo. If the operating points in (15) are denoted with subscript
“0”, and small-signal deviation parts are added on 44, 74, and 6
around the operating points, it is found that

0 =00+ A0, iqg=1Iqp+ Aig, iq=10+Aig. (16)
The cosine and sine functions are linearized as
sin(fg + Af) = sin Oy + cos G Af
cos(fo + Af) = cos by — sin 0 Af. (17)
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Substituting (16) and (17) into (15), and keeping only the devi-
ation parts yields the linearized form of (15)

Ldi“’ = — Vosin6gAf — RAiq + wi LA,
Ldjtz‘l =V cosBgAf — RAi, — wi LAy (18)

where the variation in w; is disregarded based on experience
from numerical simulations. By applying Laplace transform to
(18), the transfer functions of Aig versus Af and Ai, versus
Af are obtained as

wiLcosfy — (sL + R)sinby
(sL+ R)?2 4 (w1 L)?

w1 Lsinfg + (sL + R) cos By
(sL+ R)? 4 (w1 L)?

Nig =V A¥

Aig =Vp

AG. (19

Assuming p.u. quantities, the instantaneous active power from
the VSC is given by

P = Re{vi*}. (20)

Linearizing (20) yields the expression for the active power de-
viation

AP = Re{ijAv + voAi*} 21
or in component form
Lol [Avg Vao| " [Aidg
AP = . 22
[IqO} Av, " Vaol [Aidq 22
The current iy is given by
vo — Eo
= — 23
=7 +jonl (23)
which has the d and g components
Vg sin 60
lgp=——
do il
Ey — Vpcos by
ljg=——"—F—" 24
q0 wlL ( )

where the resistance R in (23) has been neglected in (24) for
simplicity. In high-power electronic applications, the resistance
R is usually very low, and the effect can often be neglected. At
first sight, this does not seem to be consistent with the expression
of Aig and Ai, in (19), where 12 was included. However, as a
high-pass current controller, which emulates a resistance R, is
introduced later, it makes sense to keep R in (19).
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The d and g components of the VSC voltage vector v at the
operating point, vo = Vo + jV50, can be expressed as

Vao = Vo cos g, Vyo = Vo sin by. (25)
The voltage deviation parts Avg and Awv, can be derived from
(14). By linearization and subdivision into real and imaginary
components, it is found that

Avg =sLAig — w1 LAi,

Avg =sLA1y + w1 LA. (26)

The resistance R is neglected also in (26) to simplify the ex-
pression. By substituting (19), (24), (25), and (26) into (22), the
linearized dynamic relation between the active power and the
load angle is obtained as

aos2 +a1s+ as

AP = Af 27
L+ R 1 (wiL)? @7)
Jp?;r(s)
where
L 2
ag = — (EQVO CcOS 00 — VO )
w1
R 2
a; = — (E()Vo COS 90 — VO )
w1
a2 = W1 LE()V() COS 00 — RE()VO sin 90. (28)

Equation (27) shows that, by power-angle control, the open-loop
system has a pair of complex poles

s = —— £ jw; (29)

L
which are located in the left half plane. It is also interesting to
notice that the quasi-static (7) is a special condition of (27) if
R = 0 and s = 0 are substituted in (27).

If the resistance R is neglected in (28), a; = 0. This means
that Jpy(s) has two symmetrical zeros

s== —%::I:wlf
V' ao

The poles of Jpy(s) are determined only by the resistance R
and inductance L. However, the locations of the zeros of Jpg(s)
do not depend directly on the parameters of the power systems.
Instead, Fy, Vj, and  are the decisive quantities. The locations
of the zeros of Jpg(s) can be divided by the following borders.
 The border where the zeros of .Jpg(s) reach the origin. This

is equivalent to

FEqycosby

V() — Eo COS 90 ) (30)

Eogcosfy =0 3D

ie., g = £90°.
» The border where Jpg(s) has zeros at infinity. This is
equivalent to

V() — Eo COS 90 =0 (32)

giving

(33)

v
0y = £ arccos <E_(())> .

* The border where Jpg(s) has real zeros at +w;. This is
equivalent to

FEqycosby
- = 34
V() — E() COS 90 ( )
giving
v
Ay = £ arccos (ﬁ) . (35)

The +w; border gives an idea about how much the zeros
limit the achievable bandwidth of the control system, even
though it is not a “real border.”

Fig. 4 shows the above-mentioned borders. For VSC-HVDC
connected to weak ac systems, the operating point of the VSC is
likely to be in the region where Jpg(s) has real zeros (Vo /FEo >
1). If the resistance R is neglected, Jpg(s) has two symmet-
rical zeros, one in the left half plane (LHP) and the other in
the right half plane (RHP). According to the control theory, an
LHP zero can be easily compensated by the controller, but not
the one in the RHP, which always represents an additional time
delay [15]. From Fig. 4, it is clearly seen how the load angle 6
and the voltage magnitude V; of the VSC affect the locations
of the zeros. Basically, higher load angle 6y and higher VSC
voltage magnitude Vj correspond to zeros closer to the origin,
which means more time delays introduced by the RHP zero to
the system. By crossing the origin, i.e., p = £90°, it is no
longer possible to control the active power by the load angle,
since an increased load angle A# will cause a decreased power
AP.

As mentioned before, in VSC-HVDC applications, the resis-
tance R is usually very low. Thus, the grid-frequency resonant
poles of (29), as well as other resonances in the ac system, have
to be damped out by the control system. Therefore, the voltage
control law in (11) is modified as

erf = VO — HHP(S)iC (36)
where Hyp(s) is a high-pass filter described by
kys
HHP(S) = (37)

s+ ay
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Fig. 5. Bode diagram of Jpo(s) and Jpo_up(s), By = 1.0 p.u., Vo =
1.0 p.u., 8y = 30°, L = 1.0 p.u., R = 0.01 p.u. (solid: Jpg(s), dashed:
Jpo_np(s), @, = 40rad/s, k, = 0.477 p.u.).

By using the new voltage control law (36) in (14), the new
active-power versus load-angle transfer function including
Hyp(s) is found to be

a052 +a1s+ as
(sL+ R+ Hup(s))” + (w1 L)?

~~

AP = Af (38)

Jpo—up(s)

where

ap = w£1 (EoVp costly — Vi7)

H
M (EOVU cos gy — V02)
w1

as = wlLE'ng COS 90 — (R + HHP(S)) Eo‘/o sin 00. (39)

The Bode diagrams of Jpg(s) and Jpg—_np(s) in Fig. 5 show the
damping effect of the high-pass current control part Hyp(s),
which basically behaves as an “active resistor,” and provides
damping to the various resonances in the system, but does not
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Fig. 6. Bode diagram of the open-loop transfer function Hpsy, (s) of the power-
synchronization loop versus different load angles, k, = 130 rad/s (solid: 8, =
30°, dashed: 8, = 45°, dotted: 8, = 60°).

consume power. The parameters of Hyp (s) are chosen based on
the trade-off between the damping effect and the phase margin.

By analyzing the transfer function Jpg_pgp($), the stability
margin of the power-synchronization loop (PSL) can be evalu-
ated by its open-loop transfer function

Hps(s) = JPG—HP(S)]Z_p~ (40)
Fig. 6 shows that the PSL has a lower bandwidth and less phase
margin with higher load angles 6. The reason is, as previously
explained, that the RHP zero of the plant moves closer to the
origin with higher load angles 6, as shown in Fig. 4.

From the open-loop transfer function Hpgy,(s) in (40), the
closed-loop transfer function of PSL can be derived

_ Hpsp(s)
CLPSL(S) - 1 +HPSL(5) -

kpJpo_up(s)
s+ kyJpg—up(s)

(41)

Comparing (41) to (40), it is easily observed that the RHP zero
in the open-loop transfer function Hpgy,(s) carries over to the
closed-loop transfer function C' Lpgy (), i.e., the feedback con-
trol does not affect the location of the RHP zero.

B. Transfer Function of Reactive Power versus
Voltage Magnitude

The derivation procedure of the transfer function between re-
active power and voltage magnitude is similar to the procedure
used for the derivation of the transfer function between active
power and load angle. In this case, it is assumed 6 = 6. How-
ever, V is allowed to vary. Thus

V=V+AV. (42)
The d and g components of the current vector are kept as
1q = tq0 + Aig, g = ig0 + Aig. (43)
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Equation (15) can now be linearized around the operating point
Vo. Accordingly

dAi
L dt‘d = AV cosflp — RAiq + w1 LA,

dAi
L dth = AV sinflg — RAi, — wy LAy (44)

Moreover, by applying the Laplace transform on (44), the fol-
lowing transfer functions between Aigq, Aig, and Av are ob-
tained:

A wiLsinfy + (sL + R) cos b

19 =

¢ (sL+ R)® + (w1 L)?

Ai = —wiLcosbp + (sL + R)sinby
"I T GL+ R + (w1 L)?

AV

AV.

(45)
Assuming p.u. quantities, the instantaneous reactive power is

given by

Q = Im{vi*}.

Linearizing (46) yields the following expression for the reactive-
power deviation:

(46)

AQ = Tm {ifAv + voAi*} 47)

or in component form

IdO T A’Uq Vdg T —A’iq
so=[ ) e o] [S) @
The operating points 149, I40 and Vg, Vo are determined in
the same way as in the case of the transfer function between
active power and load angle. The same holds for Avg and Awv,,.
By substituting (24), (25), (26), and (45) into (48), the reactive-
power versus voltage-magnitude transfer function is obtained as

a032 +a1s+ as

AQ = AV 49
= GLA R+ (L )
JQ:(S)
where
L
apg = —(Vb — E() COSGO)
wi
R
a; = —(‘/0 — EO COS00)
w1
ag = wlL(2V0 — EO COS 90) + REQ sin 00. (50)

Obviously, Jqv(s) has the same poles as Jpg(s), i.e., similar
to controlling active power by load angle, (49) shows that, by
using voltage magnitude to control reactive power, the open-
loop system has a pair of resonant (complex) poles

R
3:——:|:jw1. (51)
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Fig. 7. Locations of zeros of Jqv(s).

By neglecting the resistance R, the two zeros of Jqv(s) are
located at:

a9 2%—EOCOSHO
=+, [—— = tw | .
y ag w1 EO COS 60 — V()

Fig. 7 shows the locations of zeros of Jqv (s). Similar to Jpg(s),
the origin border of Jqv(s) also indicates the stability border.
By crossing the origin, the VSC can no longer control reactive
power by means of the voltage magnitude, since an increased
voltage magnitude AV will cause a decreased reactive power
AQ. In contrast to the dynamics of Jpg(s), where the load angle
6 is the dominant factor for stability, the VSC voltage V; in-
stead is the dominant factor for stability in the case of Jqv (s).
It is also interesting to notice that the quasi-static (8) is a special
case of (49) if R = 0 and s = 0 are substituted into (49).

By having the reactive-power versus voltage-magnitude
transfer function Jqv (s) and the reactive-power control law, it
is also possible to evaluate the stability margin of the reactive
power control in a similar way as for the power-synchronization
loop.

The analysis in this section is based on a simplified
VSC-ac-system model. The aim is to derive the analytical
transfer functions to understand the fundamental dynamic
process for VSC-HVDC connected to weak ac systems. In
real applications, the ac system topology is much more com-
plex, and contains other dynamic devices, such as generators,
compensation equipment, and loads, which could interact dy-
namically with VSC-HVDC, too. As observed in this section,
the derivation of the transfer functions for this simplified system
is already cumbersome. Thus, it is not realistic to derive the
explicit transfer functions for more complex systems. However,
numerical analysis based on state-space representation of the
system for evaluation of VSC-control stability margins is easily
performed for much larger systems. Besides, when both the
power-synchronization loop and the reactive-power control are
active, the system is in principle of multi-input multi-output
(MIMO) nature. Therefore, MIMO analyzing and control
techniques should be applied to achieve optimal control results.
These issues certainly require in-depth investigations in the
future.

(52)
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IV. CONTROLLER DESIGN

In this section, the overall control design of VSC-HVDC
based on power synchronization is described.

A. Power-Synchronization Loop (PSL)

This is the fundamental control loop for a grid-connected
VSC based on power-synchronization control. It maintains syn-
chronism between the VSC and the ac system, and at the same
time, it is also the active-power control loop. Fig. 8 shows the
block diagram of the power-synchronization loop. The power
control error is converted to a frequency deviation, which is then
integrated to an angle increment. The output signal wt supplies
the angle to transform the voltage reference v¢ ; from the con-
verter dq frame to the stationary frame.

B. Backup Phase-Locked Loop (PLL)

In some situations, the PSL cannot be applied, and the backup
PLL is used instead. Those situations are as follows.

e The VSC is blocked. The backup PLL provides the syn-
chronization signal to the VSC before de-blocking. After
the converter is de-blocked, the PLL is replaced by the
PSL. This procedure is similar to the auto-synchronization
process used for synchronous generators before they are
connected to the grid.

e During severe ac-system faults, the control system
switches to the backup PLL. The reason is that the control
system has to limit the current flowing into the converter
valve. Thus, the PSL cannot be applied. The current limi-
tation function will be described in Section IV-F.

Fig. 9 shows the block diagram of the backup PLL, where a
proportional-plus-integral (PI) type regulator is applied upon the
error signal coming from the imaginary part of the voltage up,.
at the PCC in the converter dq frame.

C. Direct-Voltage Controller (DVC)

In VSC-HVDC applications, one of the converter stations
has to keep the direct voltage constant, while the other con-
verter station controls the active power. The active power is
thus automatically balanced between the two stations. If the
direct-voltage controller were to operate directly on the error

vffcf — V4e, the closed-loop dynamics would be dependent on the
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operating point v3,. This inconvenience is avoided by selecting
the direct-voltage controller (DVC) as a PI controller operating
instead on the error [(vffcf)z —2.]/2 [11], [16]. The control law
of the DVC is thus described by

(53)

ia ) (v5ef)” = o3,
e

Pref = (kpd +

The output of the DVC provides the power reference P,¢ to the
PSL. Fig. 10 shows the control block diagram.

D. Alternating-Voltage Controller (AVC)

In VSC-HVDC applications, especially in connection with
weak ac systems, the VSC control system should preferably
maintain the alternating-voltage level at the PCC. Fig. 11 shows
the control block diagram of the AVC. The output of the AVC
supplies the voltage reference to voltage control law of the
VSC. The AVC is designed as a proportional controller to have
a “droop” characteristic. However, if other voltage controlling
devices, such as STATCOMs, or synchronous generators are
present in the close proximity, it has been found that an addi-
tional droop function is necessary.

E. Reactive-Power Controller (RPC)

When operating against a weak ac system, the VSC-HVDC
should preferably be operated in the alternating-voltage control
mode to give the ac system best possible voltage support. In
case reactive-power control is necessary, the output of this con-
troller should be added to the alternating-voltage reference, and
the added amount should be limited. Fig. 12 shows the block
diagram of the RPC, and the output of the RPC is added to the
voltage reference of the AVC.

E. Current-Limitation Controller (CLC)

A shortcoming of the power-synchronization control is that
the alternating current at the fundamental frequency is not con-
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trolled, since the current control conflicts with the power-syn-
chronization mechanism, as explained in Section II-B. However,
for VSC applications, it is important to limit the current flowing
into the converter valve to prevent the valve from over-current
blocking. In this section, therefore, a current limitation scheme
is proposed. The principle is to seamlessly switch the control
system to vector-current control to avoid triggering of the over-
current protection circuit. At the same time, the backup PLL is
applied to keep the VSC in synchronism with the ac system.

In case that the current through the valve is above its limit
Inax, the desired voltage control law of the VSC is given by

Viet = QeLe (ifep — 1) + jw1 L i + uf (54)
where «. is the desired closed-loop bandwidth of the current
control, i is the converter current reference, and uf is a low-
pass filtered feedforward term of the PCC voltage uj,... Equa-
tion (54) is the voltage control law given by the vector con-
troller for the current. However, instead of giving constant cur-
rent order to (54), the current reference i, in (54) is given as

1
ifer = aol, [VO —uf — jwi Li° - HHp(s)iC'] +i°.

(55)

The current reference (55) is designed in such a way that the
voltage control law (54) becomes (36) for power-synchroniza-
tion control in normal operation. This can easily be shown by
substituting (55) in (54). However, the current reference i, in
(55) gives an indication of the real current flowing into the con-
verter valve. During ac system faults, current limitation is auto-
matically achieved by limiting the modulus of if_; to the max-
imum current ;... A brief analysis of this is given below.

The dynamics of the converter current in the converter dq
frame can be described by

di©
— VC _ uC

CE pcc

Assuming v© = v ;, (56) can be substituted with (54). Accord-
ingly

— Roi° — jun Lic. (56)

di¢

“dt

By setting the time derivative to zero and assuming that ug.. =
uj}', it is found that

iC

= oL, (S — 19 + 0§ —uG — RIS (57)

_ acL,
N RC + aCLC

iC

ifer = [1] < [ifee] - (58)
As R, is usually much smaller than a.L., the modulus of the
valve current will be almost equal to the modulus of the cur-
rent reference. In other words, by limiting the modulus of the
current reference, the current flowing into the converter valve is
limited. Fig. 13 shows the control block diagram. In Fig. 13, the
“Current Reference Control” block corresponds to the control
law described by (55), while the “Voltage Control” block cor-
responds to the control law described by (54). If the modulus

‘|
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_/_ irer
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c ’
Upce max

Fig. 13. Current limitation controller.
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Fig. 14. VSC-HVDC control overview.

of the current reference i ; is above the current limit /p,ay, it
will be reduced to a vector i:ef, whose modulus is equal to [;,ax
(priority might be given to ig, ¢ Or i, depending on the con-
trol design). Once i< ; is limited, the CLC will also send a signal
Clim to the main control system for the PSL/PLL selection.

Fig. 14 shows an overview of the VSC controller based on
power-synchronization control. The overview illustrates the re-
lationships between the various controllers mentioned in this
section.

V. SIMULATION RESULTS

To verify the control design and the analytical model, a
VSC-HVDC link is built in the time simulation software
PSCAD/EMTDC. The simulation setup contains a VSC-HVDC
link sending power to a 400-kV ac system with a short-circuit
ratio (SCR) of 1.0. The other end of the VSC-HVDC link is
assumed to be a strong ac system. The parameters of the VSC
are listed in the Appendix.

A. Effect of the High-Pass Current Control Part

As shown in Section III, for both the dynamics in .Jpg(s) and
Jqv (s), there is a pair of resonant poles at the grid frequency. A
high-pass current control part Hyp(s) was proposed to provide
active damping to the system. Fig. 15 demonstrates the effect of
Hyp(s) in a time simulation. After the high-pass current con-
trol part Hyp(s) is disabled at approximately 0.05 s, the reso-
nance is excited by an active power (P) step (0.1 p.u.) at 0.1 s.
The high-pass current control part is enabled again at 0.35 s, and
damps out the resonance effectively. The time simulation results
confirm (38) and the corresponding Bode diagram in Fig. 6. The
observed resonance frequency is slightly lower than the grid fre-
quency 50 Hz. This deviation is not unexpected, since the ob-
served resonance frequency is the damped frequency, which is
always lower than the undamped natural frequency 50 Hz.
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high load angle (lower plot) with power-synchronization control.

B. Step-Response Tests With Low Load Angle and High
Load Angle

Two active-power step-response tests (0.1 p.u.) are performed
at a low load angle and a high load angle, respectively. Ac-
cording to the open-loop transfer function of the power-synchro-
nization loop (40), and its Bode diagram in Fig. 6, the system
exhibits a reduced phase margin at high load angles, but at the
same time, Jpg(s) also has a lower open-loop gain. Thus, the
step response at high load angle is slower but not particularly
unstable, as shown by the plot in Fig. 16. A slight non-min-
imum-phase behavior (the active power P slightly goes down
before it responds to the positive step), typically accompanying
RHP zeros, is also observed for the step response at high load
angle. This is due to the fact that the RHP zero moves closer to
the origin with higher load angle, as previously explained.

C. Fault Ride-Through Capability

The fault ride-through capability of the VSC-HVDC system
is tested by applying a three-phase ac fault close to the VSC-
HVDC. The VSC initially operates with a power of 0.8 p.u.,
which corresponds to a load angle of approximately 65°. It is to
be stressed that, even though VSC-HVDC based on power-syn-
chronization control theoretically is able to maintain operation
at a load angle close to 90°, higher load angles than 70° are not
recommended. The reason is that the stability margin is dramat-
ically reduced at higher load angles, while not much transmitted
power is gained (less than 0.06 p.u. between 70° and 90°).

In Fig. 17, the ac-system fault is applied at 0.1 s, and the mod-

e . 2 . 2
ulus of the current reference (|i%;| = \/ (1Grer)” + (5rer)”)
reaches the current limit I,,,,x. The control system seamlessly
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Fig. 17. Fault ride-through capability of VSC-HVDC during a three-phase ac
fault with power-synchronization control.

switches to the voltage control law (54), where the limited 3, ¢
and ig ., become the inputs to the current controller. Only a
short current spike lasting for approximately 10 ms is observed
on the valve current |i¢| at the fault occurrence stage, which usu-
ally does no harm to the converter valve. At the same time, the
PSL is replaced by the backup PLL. After the fault is cleared
at 0.25 s, the current reference i3, and ig, ¢ go back to the
pre-fault level, and the voltage-control law switches back to
(36). At the same time, the control system switches back to
the PSL from the backup PLL. It is to be noted that, during ac
system faults, the switching of the VSC voltage-control law be-
tween (54) and (36) is done seamlessly. However, the switching
from the PSL to the backup PLL, and back to the PSL after fault
clearance, is done by the control system based on fault detection
logic. Otherwise, the PSL would accelerate the “rotor speed” of
the VSC-HVDC during the ac system fault, and run into a tran-
sient stability problem as a normal synchronous machine after
the ac system fault is cleared. Physically, VSC-HVDC using
power-synchronization control could be understood as a syn-
chronous machine which is able to limit its short-circuit current
contribution and keep its “rotor” running at normal speed during
ac system faults.

D. Comparison to Vector-Current Control

In order to demonstrate the effectiveness of power-synchro-
nization control, a comparison to vector-current control with
a PLL has been performed based on simulations. In this case,
(54) was used with I§, ., provided by a PI-type power controller
for the d-component and by a PI-type voltage controller for the
g-component. The case with 0.8 p.u. of power could not be han-
dled with vector-current control. In fact, it is known from the lit-
erature, for instance [9], that it is not possible to operate a VSC
with vector-current control and PLL synchronization at a higher
power than approximately 0.4 p.u. if the SCR of the ac system
is 1.0. However, after a considerable tuning effort, it was pos-
sible to achieve a step from 0.5 p.u. to 0.6 p.u., which is shown
in Fig. 18 as a comparison to Fig. 16.

The case with a three-phase ac fault with 0.6 p.u. pre-fault
power level was simulated using vector-current control. The
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fault with vector-current control.

fault recovery could only be achieved after a considerable re-
tuning of the voltage controller and the power controller in order
to avoid a “voltage collapse.” Note that these new parameter sets
were selected to fit only this specific case. The simulated results
are shown in Fig. 19 as a comparison to Fig. 17.

VI. CONCLUSIONS

In this paper, the concept of power synchronization is pro-
posed for control of grid-connected VSCs. The proposed control
is general for grid-connected VSCs, but may be of most impor-
tance for VSC-HVDC connected to weak ac systems. By using
the power-synchronization control method, VSC-HVDC oper-
ates almost in the same way as a synchronous machine. There-
fore, in principle, it has no requirement on the short-circuit ca-
pacity of the ac system to be connected. On the other hand,
VSC-HVDC gives the weak ac system strong voltage support,
just like a normal synchronous machine does. However, a weak
ac system connection still represents a more challenging oper-
ating condition for VSC-HVDC than a strong ac system connec-
tion due to the relatively higher load angles. Thus, it is recom-
mended that VSC-HVDC shall run with a control system having
a lower bandwidth when connected to a very weak ac system in
order to maintain a safe stability margin.

TABLE 1
VSC-HVDC SYSTEM PARAMETERS

Rated apparent power Ssys 350.0 MVA 1.0 p.u.
Rated (base) voltage Uy, 195.0 kV 1.0 p.u.
Maximum valve current Imax 1.12 kA 1.08 p.u.
Phase reactor inductance 0.052 H 0.15 p.u.
Phase reactor resistance 0.06 Q 0.0055 p.u.
Converter transformer rating 380.0 MVA
Converter transformer ratio 195 kV /400 kV
Transformer leakage reactance 12% 0.11 p.u.
Direct voltage vq. +150.0 kV 1.0 p.u.
DC capacitor 114 pF
System frequency f 50 Hz
Switching frequency fsw 1650 Hz

APPENDIX

A. Parameters of the VSC-HVDC System
Table I lists the VSC-HVDC system parameters.
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