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Online Optimal Feedback Voltage Control of Wind Farms:
Decentralized and Asynchronous Implementations

Yifei Guo, Member, IEEE, Houlei Gao, Member, IEEE, Dong Wang, and Qiuwei Wu, Senior Member, IEEE

Abstract—In this letter, we propose an optimal voltage feed-
back control algorithm for wind farms where the voltage set-point
of wind-farm-side voltage source converter (WFVSC) and reac-
tive powers of wind turbines (WTs) are coordinated. The pro-
posed control establishes on the gradient descent and operates
in an online fashion. Each WT updates its reactive power based
on the local instantaneous terminal voltage and therefore, the
proposed control can be implemented in a decentralized manner.
Besides, we also address its asynchronous counterpart to enhance
the practical applicability in real world.

Index Terms—Decentralized control, gradient projection, on-
line optimization, voltage control, voltage source converter-based
high-voltage direct-current (VSC-HVDC), wind farm.

I. INTRODUCTION

VOLTAGE control of voltage source converter-based high-
voltage direct current (VSC-HVDC)-connected wind

farms has attracted a lot attention due to the increasing num-
ber of remote offshore wind projects [1]. In our previous work
[2], a centralized voltage regulation method was proposed to
achieve optimal voltage profile by coordinating wind turbines
(WTs) and wind-farm-side VSC (WFVSC); and then in [3], a
hierarchical distributed control architecture built on the alter-
nating direction method of multipliers framework to improve
scalability. See [4]–[7] and references therein for more related
works on the topic. It can be observed that most of the existing
control algorithms are essentially offline, wherein the optimal
solution is applied until the iterations converge. Therefore, they
might fail to deal with fast voltage fluctuations led by the high
variability of wind power and a central controller (or coordina-
tor) which holds computation and communication capabilities
is generally required. Besides, an implicit prerequisite in most
optimization-based offline algorithms, e.g., [2]–[7] is that all
the variables should be updated synchronously.

Rather than focusing on offline and centralized optimization,
we further manipulate the way of problem solving to fit de-
centralized and asynchronous implementations. Thus, the con-
tribution of this letter lies in the design of a gradient descent-
based algorithm to solve the optimal voltage control problem
in an online and decentralized fashion, which can be imple-
mented in a voltage feedback controller where the instanta-
neous voltage measurements are exploited to update the gradi-
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Fig. 1. Layout of a VSC-HVDC connected offshore wind farm with 64× 5
MW full-converter WTs [3]. It is connected to the onshore external 400 kV
AC grid through a ±150 kV VSC-HVDC systems with nominal power rating
of 400 MW. There are eight WTs at each feeder, referred to as a string with a
distance of 1.5 km between two neighboring WTs. Then, they are connected
to WFVSC station through power transformers and HV cables. The WFVSC
is assigned with the AC voltage control strategy while providing a constant
frequency for the wind farm network. The voltage-controlled bus (numbered
as “0”) can be regarded as a slack bus of the radial wind farm network (HV
side bus of the main transformer).

ent in real time. In this way, the proposed control is able track
fast voltage fluctuations. We also address its asynchronous im-
plementation, which eliminates the requirements of centralized
coordination and synchronization.

II. PROBLEM DESCRIPTION

To save space, we refer the readers to [2]–[3] for some ba-
sics of voltage control in VSC-HVDC connected wind farms,
which are omitted here.

A. Model

Consider a wind farm collector system (as in Fig. 1) consist-
ing of n+1 buses {0}∪{1, . . . , n}. For such a radial-topology
network, the power flow relationship can be approximated by
the linearized branch flow model [8], which is compactly rep-
resented as,

v ' 2A−TXA−1︸ ︷︷ ︸
M

q−A−1a0︸ ︷︷ ︸
N

v0

+ 2A−TRA−1p+ 2A−TXA−1Bvr︸ ︷︷ ︸
µ

(1)
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where v := [v1, . . . , vn]T , p := [p1, . . . , pn]T , and q :=
[q1, . . . , qn]T denote the vectors collecting squared bus volt-
age magnitudes, active power and reactive power injections at
each bus, respectively; vr ∈ Rn denotes the predefined volt-
age reference vector; [a0, A

T ]T ∈ {0,±1}(n+1)×n is the inci-
dence matrix of the radial-topology graph where aT0 denotes
the first row of the incidence matrix; R := [rij ] ∈ Rn×n and
X := [xij ] ∈ Rn×n are diagonal matrices with l-th diago-
nal entry equal to the resistance and reactance of l-th branch;
B := [bj ] ∈ Rn×n is the diagonal matrix with j-th diagonal
entry equal to the resistance and reactance of bus j. We refer
the readers to [8] for more details of the network modeling.

B. Problem Formulation

This voltage control algorithm aims to mitigate voltage de-
viations while reducing reactive power outputs of WTs, which
is related to power losses of WT converters [4], by schedul-
ing the voltage set-point v0 and WT reactive power outputs q.
Correspondingly, the optimization problem is formulated as,

minimize
q,v0

f(q, v0) :=
1

2
||v − vr||2Φ +

1

2
||q||2Ξ (2a)

subject to v = Mq +Nv0 + µ (2b)
q ≤ q ≤ q (2c)

v0 ≤ v0 ≤ v0 (2d)

where Φ � 0 ∈ Rn×n and Ξ � 0 ∈ Rn×n are the penalty
matrices with respect to voltage and reactive power, respec-
tively; q := [q

1
, . . . , q

n
]T and q := [q1, . . . , qn]T denote the

lower and upper bounds of reactive power at each bus; v0 and
v0 are the lower and upper bounds of v0. 1

III. ONLINE SOLUTION ALGORITHM

A. Gradient-Descent Feedback Control Law

Substituting (2b) into (2a), problem (2) becomes a typical
box-constrained optimization problem over {q, v0}, which can
be iteratively solved by the gradient projection method as,

q(t+ 1) =
[
q(t) + γ∇qf(q(t), v0(t))

]q
q

(3a)

v0(t+ 1) =
[
v0(t) + γ∇v0f(q(t), v0(t))

]v0
v0

(3b)

where t denotes the iteration or time step index; [∗]ab denotes
projection operator onto the box constraint set [a, b]; γ > 0 is
the step size. The gradient ∇f is given by,

∇f(q, v0) =

[
MT

NT

]
Φ (v − vr) +

[
Ξq
0

]
. (4)

This implies the gradient can be computed with known v and
q and thus, the rule as in (3) becomes a feedback control law
based on the measurements of v(t) and q(t), which is

q(t+ 1) =
[
q(t) + γ

(
MTΦ (v(t)− vr) + Ξq(t)

)]q(t)
q(t)

(5a)

v0(t+ 1) =
[
v0(t) + γNTΞ (v(t)− vr)

]v0
v0
. (5b)

1For the buses connected with WTs, the reactive power limits depend on
reactive power characteristics of the WTs. For a full-converter WT, qi =√
s2i − p2i and q

i
= −

√
s2i − p2i where si denotes the converter capacity.

For the buses without WTs, one has q
i
= qi = 0.

Wind Farm Network (Power Flow Relation): 
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Fig. 2. Schematic diagram of the decentralized online optimal feedback volt-
age control architecture. The wind farm SCADA system monitors network
bus voltages for updating v0. WTs locally update their reactive power qi ac-
cording to the instantaneous WT terminal voltages. The block “z−1” denotes
the one-step delay operator. The blocks “6a” and “6b” denote the control laws
in (6a) and (6b), respectively. Note that, the updating of v0 and qi may work
with different sampling rates.

Observe that, the update in (5) requires the voltage information
at each bus if MTΦ and NTΞ are full matrices. In that case,
centralized update is required for both v0 and q based on the
global measurements.

Remark 1: A key feature of such online optimization is: it
could asymptotically mitigate the model mismatch due to its
closed-loop nature, though the proposed control builds on the
linearized branch flow model. This may shed light on why
our proposed control can achieve a better performance than
the offline optimization. Besides, the wind power variations are
implicitly reflected in the voltage measurements and therefore,
the feedback controller is able to track it in real time. This
enables a capability of handling uncertainties of wind power.

B. Decentralized Implementation

To reduce computation and communication burdens, a de-
centralized variant of (5), named by DeVC, is developed by
letting Φ = M−1 and Ξ := [ξi] be diagonal, as follows,

qi(t+ 1) = [qi(t) + γ (vi(t)− vr + ξiqi(t))]
qi(t)
q
i
(t) ,∀i (6a)

v0(t+ 1) =
[
v0(t) + γNTM−1 (v(t)− vr)

]v0
v0
. (6b)

Note that, matrix M is positive definite for a radial power
network and therefore, it is definitely invertible here. In this
way, as illustrated in Fig. 2, each WT can update its reactive
power output only based on the local terminal voltage mea-
surement instead of global information while WFVSC updates
the voltage set-point using the term NTM−1 (v(t)− vr) that
is based on global voltage information. This can be acquired
from wind farm SCADA system. The convergence and opti-
mality of DeVC are illustrated in the following proposition.

Proposition 1: Under a fixed point {µ, q, q, v0, v0} and sup-
pose (1) holds, if 0 < γ < 2/λmax {H},2 where

H =

[
M + Ξ N
NT NTM−1N

]
� 0,

the sequence {q(t), v0(t)}t→∞ generated by (6) converges to
the unique global optimum {q?, v?0} over the constraint set
[v0, v0]×

∏n
i=1[q

i
, qi].

2λmax{∗} denotes the largest eigenvalue of matrix ∗
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Proof: First, the following conditions C1)–C3) hold for the
optimal voltage control problem in (2):

C1) f(q, v0) ≥ 0 holds ∀q ∈ [q, q] and ∀v0 ∈ [v0, v0].
C2) There exists a Lipschitz constant L := λmax{H} of ∇f

such that,∥∥∥∇f(q(1), v
(1)
0

)
−∇f

(
q(2), v

(2)
0

)∥∥∥
2
≤ L

∥∥∥∥[q(1)

v
(1)
0

]
−
[
q(2)

v
(2)
0

]∥∥∥∥
2

for any q(1), q(2) ∈ [q, q] and v(1)
0 , v

(2)
0 ∈ [v0, v0].

C3) Given that Φ = M−1 � 0 and Ξ � 0, f is strictly convex
and therefore, has a unique global minimizer {q?, v?0}
over the constraint set [v0, v0]×

∏n
i=1[q

i
, qi].

Seen from (2a), C1) always holds as long as Φ � 0 and Ξ � 0.
In C2), H is the Hessian matrix of the quadratic function f
with Φ = M−1; hence, C2) holds. Then, combining C1)–C3)
and [9, Prop. 3.4], it follows that the decentralized control law
(i.e., gradient descent-based update) in (6) will asymptotically
converge to the global optimal solution {q?, v?0}.

C. Asynchronous Implementation

Note that, the above algorithm establishes on synchronous
updates of control variables. However, subject to the limited
sampling rate of the wind farm SCADA, such a synchronous
update can be only performed in a relatively slow timescale,
resulting in a very limited utilization of fast response capabil-
ities of WTs. Therefore, to better track the voltage variations,
we further consider to schedule the WFVSC and WTs in dif-
ferent timescales, referred to as aDeVC. This is closely related
to the so-termed asynchronous gradient projection [9].

Let Ti and T0 be the sets collecting all the time instances
when the WT located at bus i and the WFVSC execute their
update. The update rule of aDeVC is designed as,

qi(t+ 1) = qi(t) + γδqi(t), ∀i (7a)
v0(t+ 1) = v0(t) + γδv0(t) (7b)

with

δqi(t) =


[
qi(t) + γ (vi(t)− vr + ξiqi(t))

]qi(t)
q
i
(t)
− qi(t)

γ
, t ∈ Ti

0, t 6∈ Ti

(8a)

δv0(t) =


[
v0(t) + γNTM−1 (v(t)− vr)

]v0

v0
− v0(t)

γ
, t ∈ T0

0, t 6∈ T0.
(8b)

We conduct the convergence analysis of aDeVC based on the
bounded update delay [9, Ch. 7], which is described as:

C4) Let B > 0 be a integer such that at least one element in
{t, t+ 1, . . . , t+D − 1} belongs to Ti and T0.

Such condition is naturally satisfied in real life. D depends
on the unit with the slowest update rate, namely WFVSC in
this work. Besides, since the gradient is updated using the up-
to-date system information, aDeVC does not suffer from any
additional information delay.
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Fig. 3. Convergence performance of the proposed control. For DeVC (online),
v0 and q are both updated in each iteration (same rate); for aDeVC (online),
q is updated every iteration and v0 is updated every five iterations; and for
offline optimization, problem (2) is offline solved by the QP solver quadprog
without feedback.

Proposition 2: Under a fixed point {µ, q, q, v0, v0} and sup-
pose (1) holds, if 0 < γ < 2/

(
λmax{H}(1+D+(n+1)D)

)
,

the sequence {q(t), v0(t)}t→∞ generated by aDeVC con-
verges to the unique global optimum [q?, v?0 ] over the con-
straint set [v0, v0]×

∏n
i=1[q

i
, qi].

Proof: According to [9, Lemma 5.1],

C5) there holds,

δqi(t) · ∇qif(q(t), v0(t)) ≤ −‖δqi(t)‖22 ,
δv0(t) · ∇v0f(q(t), v0(t)) ≤ −‖δv0(t)‖22

for any i and t.

Then, based on C1)–C5) and [9, Prop. 5.3], we conclude the
proof.

Remark 2: Proposition 2 provides a sufficient but rather con-
servative bound of γ. However, in practice, it can be selected
via offline tests and analyses to achieve a fast convergence.

IV. CASE STUDY

The proposed control is tested on a VSC-HVDC connected
wind farm as shown in Fig. 1. The detailed network parameters
can be found in [2] and [3]. Let Φ = M−1, Ξ = 5 · In and
γ = 1/λmax{H} in the simulations.

A. Static Performance

The static performance is tested in this subsection. The con-
vergence performance is illustrated in Fig. 3. To be noticed,
the objective function value is obtained after applying the op-
timal control solution in the actual system instead of using
the optimized value where the power flow is solved by the
full nonlinear AC power flow model instead of the linearized
model. It can be seen that in Cases I (DeVC) and II (aDeVC),
the proposed algorithms with feedback strategy are able to ef-
ficiently converge to an optimum (f? = 0.0046) but indeed,
the convergence speed is slightly affected by the delayed up-
date of v0. In Case III, the quadratic program (2) is solved
by the centralized optimization solver quadprog without any
feedback. However, a relatively poor solution (f? = 0.0054) is
obtained due to the model errors led by linearization. This vali-
dates that our proposed online algorithm is able to compensate
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Fig. 4. Active power profile of wind farm (top) and dynamic voltage perfor-
mance with the proposed aDeVC (bottom).

Fig. 5. Comparison among three different control schemes. For the decentral-
ized droop control (blue), each WT updates its reactive power according to
its terminal voltage magnitude by following the rule as qi = −di · (Vi−Vr)
with di = 0.5 · (qi − qi)/(1.1− 0.9); for the centralized voltage control
(black), the problem (2) is solved by solver quadprog at each control point;
for aDeVC (red), it follows the control laws in (7)–(8) in real time.

the model mismatch. Besides, we also tried to solve the prob-
lem with the full AC power flow model (replace (2b) with the
full branch flow model) using the interior-point-method based
solver ipopt [10]; however, it fails to reach a feasible solution.

B. Dynamic Performance

The dynamic control performance of aDeVC is compared
with the centralized optimal control (CVC) and decentralized
droop voltage control (Droop VC) that is seen as a good choice
to avoid hunting [11]. For aDeVC, the control commands of
WFVSC and WTs are updated every 1 s and 0.2 s, respectively.
Correspondingly, the control periods of Droop VC and CVC
are set as 0.2 s and 1 s, respectively.

The active power output of wind farm and the correspond-
ing terminal voltage of WTs are presented in Fig. 4. It can be
observed that, the proposed controller is able to regulate the
voltages within the secure range [0.95,1.05] p.u., preventing
WTs from being tripped by the protection system. This vali-
dates the effectiveness of the online decentralized algorithm,
even operating in an asynchronous fashion.

Then, as shown in Fig. 5, we also compare the control per-
formance among the Droop VC, CVC and aDeVC (quanti-

fied by ‖
√
v − 1‖2). One can observe that, overall, aDeVC

shows the best control performance, even better than the cen-
tralized optimal control thanks to its faster sampling rate and
the feedback nature. This is consistent with the previous anal-
ysis. What’s more, the proposed controller requires a similar
amount of computation as Droop VC does but performs much
better thanks to its gradient descent based control law design.

V. CONCLUSION

Conventional optimal voltage controllers of wind farms gen-
erally operate in an offline way with relatively slow timescales,
which might thus be insufficient to handle fast disturbances.
In this letter, we considered to solve the optimal voltage con-
trol problem in an online fashion via measurement feedback.
We proposed a decentralized gradient descent-based voltage
feedback controller that optimally coordinates the voltage set-
point of WFVSC and reactive power of WTs. We also ad-
dressed its asynchronous implementation so as to account for
non-uniform update rates, enhancing its robustness and appli-
cability in real world. Compared with the centralized control,
the proposed one alleviates or eliminates the requirements of
centralized communication, synchronization and computation
while guaranteeing the optimal performance.
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