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As wind turbines are constantly replacing traditional units, it is becoming a
consensus that wind turbines should participate in the grid support that was
only responsible by traditional units in the past. In order to enhance the grid
support capabilities (including active power support and reactive power support)
of permanent magnet synchronous generator (PMSG) based wind turbines, this
paper constructs an active and reactive power coordinated control strategy.
Compared with the current active and reactive power coordinated control
strategy of PMSG wind turbines, the method of the proposed one innovatively
considers the climbing coordinated restriction between active and reactive power,
flexible prioritization arrangement between active and reactive power, the
accurate amplitude and climbing constraints of grid-side converters’ output
voltage, and the model predictive control (MPC) technique. The simulation
results verify that the proposed power control strategy can make PMSG wind
turbines achieve excellent power output performance and thus better meet the
requirements of power grid support.

KEYWORDS

grid support, permanent magnet synchronous generator (PMSG) wind turbine, active and
reactive power coordinated control strategy, model predictive control (MPC), amplitude
and climbing

1 Introduction

Traditionally, the frequency and voltage of power systems are mainly controlled by
thermal units and hydropower units. Wind and photovoltaic units account for a small
generating capacity, and their power decouples with the grid frequency and voltage,
standing at maximum power points and fixed power factors (Gaied et al., 2022; Zeng
etal, 2022). However, with the implementation of the “double carbon” strategy in recent
years, the installed capacity of wind and photovoltaic energy in China is increasing
significantly, which reached approximate 706 GW by the end of September 2022
(National Energy Administration, 2023). The traditional units responsible for
frequency and voltage control are gradually being replaced by the wind and
photovoltaic units, which is gradually weakening the frequency and voltage control
capability of power systems. Hence, it is a growing consensus that wind and photovoltaic
units should provide frequency and voltage support services to power systems (i.e., grid
support), so as to maintain the security operation of power systems (Hansen et al., 2006;
Feltes et al., 2009).
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Permanent magnet synchronous generator (PMSG) wind
turbine, one of the mainstream wind turbines, is receiving more
and more popularity nowadays (Guo et al., 2021). The strengths of a
PMSG wind turbine include high energy efficiency and low
maintenance costs (Li et al., 2012; Musarrat et al., 2019). In
addition, a PMSG wind turbine contains a back-to-back full-scale
converter for connecting to power systems so that power system
faults and abnormal conditions will not directly affect the power
output of the generator. This means that it holds inherent
advantages in fault ride through and grid support (Tan et al,
2017; Sheng et al., 2021).

To provide grid support services, it is necessary for a PMSG
wind turbine to adjust its active and reactive power to respond to
the changes of grid frequency and voltage. Topics about power
control strategies of a PMSG wind turbine/wind farm to provide
grid support could be found in a great deal of literature (Wu
et al.,, 2017; Peng et al., 2021; Zhong et al., 2021; Li et al., 2022;
Okedu, 2022). For instance, a control strategy is proposed in
(Wu et al, 2017) for a PMSG wind turbine
coordinating with a battery system to provide frequency

literature

support, which is realized by instantly raising its active power
to a predefined level once grid frequency disturbance occurs. In
(Peng et al., 2021), the authors design a reactive voltage support
method for a wind farm with static synchronous compensators
considering remaining capacities and voltage unbalanced factors
for different PMSG wind turbines. Yet, the power control
strategies in literature (Wu et al, 2017; Peng et al, 2021;
Zhong et al., 2021; Li et al., 2022; Okedu, 2022) do not fall
under the category of coordinated control between active and
reactive power.

Unlike loose regulatory codes for daily power generation, in the
periods of providing grid support, the active and reactive power of a
PMSG wind turbine is required to meet exact amplitude and
response rate requirements, which are calculated based on the
deviation or slope of frequency and voltage (Mohseni and Islam,
20125 Liu et al., 2015; You et al,, 2015). In this context, active and
reactive power coordinated control which involves active and
reactive power coordinated restriction and priority decisions
becomes an unavoidable and meaningful problem. On the one
hand, active and reactive power coordinated restriction can
improve the power control performance of a PMSG wind turbine
in order to better provide grid support. On the other hand, when the
apparent power of a PMSG wind turbine is greater than its rated
apparent power, the priority of active and reactive power must be
judged and then reduce the party with lower priority in order to
ensure that the party with higher priority meets the power grid
support requirements.

As shown in Figure 1, the shaded part represents the amplitude
range of active and reactive power that PMSG wind turbines can
output, which picture forms a semicircle or rectangle when active
and reactive power is restricted coordinately or separately. To obey
the given apparent power amplitude constraint, the semicircle’s
radius is equal to maximum apparent power S, and the rectangle is
contained in a semicircle with a radius of maximum apparent power
S. Obviously, under the given apparent power amplitude constraint,
active and reactive power amplitude coordinated restriction enables
PMSG wind turbines to output a larger range of active and reactive
power amplitude. By the same token, under the given apparent
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FIGURE 1
Amplitude range of active and reactive power that PMSG wind
turbines can output. (A) coordinated restriction. (B) separated
restriction.

power climbing constraint, active and reactive power climbing
coordinated restriction allows PMSG wind turbines to perform a
larger range of active and reactive power climbing. Therefore, active
and reactive power coordinated restriction is contributing to
improving the PMSG wind turbines’ power control performance.

For this reason, some literature pays attention to designing
the coordinated control strategies of active and reactive power for
PMSG wind turbines providing grid support (Nguyen et al., 2013;
Moghadasi and Sarwat, 2015; Yan et al., 2016; Zhang et al., 2016;
Tripathi et al, 2019). Ref (Dong et al, 2012). presents a
coordinated control strategy to enhance the low voltage ride
through and grid support capability of PMSG wind turbines. In
(Khazaei et al., 2020), a consensus-based control strategy is
proposed to regulate the output of PMSG wind turbines and
distributed batteries in a wind farm to deliver active and reactive
power to the load. These strategies only focus on amplitude
coordinated restriction of active and reactive power, which
will become more perfect if the climbing coordinated
restriction of active and reactive power can be taken into
account at the same time.

In summary, most previous power control strategies for
PMSG wind turbines providing grid support either do not
explore the coordinated control between active and reactive
power, or only focus on amplitude coordinated restriction and
ignore the climbing coordinated restriction between active and
reactive power. In addition, the priority decisions of active and
reactive power in previous power coordinated control strategies
are not flexible enough to apply to multiple grid support
scenarios. Model predictive control (MPC) (Rodriguez et al,
2009; Mayne, 2014), which can handle complex constraints
and achieve multiple optimization objectives, is suitable to
structure flexible power coordinated control strategies. MPC is
numerous applicated in industrial process control (Qin and
Badgwell, 2003; Venkat et al., 2008; Vazquez et al., 2014) and
power control of PMSG wind turbines (Maaoui-Ben Hassine
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FIGURE 2
The composition of the PMSG wind turbine studied.

et al., 2016; Shehata, 2017; Mishra and Saha, 2020), while has not
been found to be applicated in PMSG wind turbines’ active and
reactive power coordinated control. Finally, the current MPC
models on the PMSG wind turbines lack the accurate amplitude
and climbing constraints of grid-side converters’ output voltage.

Based on the mentioned issues, this paper proposes an MPC
based active and reactive power coordinated control strategy of
PMSG wind turbines to enhance the grid support capability. The
contributions of this article are as follows.

(1) Take the lead in adopting MPC to build an active and reactive
power coordinated control strategy of PMSG wind turbines that
can be flexibly applicated in different grid support scenarios due
to the MPC can flexibly set the priority of active and reactive
power.

—
S
~

Not only the existing amplitude coordinated restriction between
active and reactive power but also the innovative climbing
coordinated restriction between active and reactive power is
considered in the proposed control strategy, which enables
PMSG wind turbines to perform a wider range of active and
reactive power amplitude and climbing. So it enhances the
power control performance and the grid support capability of
PMSG wind turbines.

(3) The amplitude and climbing constraint model of grid-side

~

converter voltage is structured in the proposed MPC based
control strategy in order to protect the grid-side converters and
dignify the output voltage waveform.

The rest of this paper is organized as follows. Section 2 describes
the overview of PMSG wind turbines. Section 3 displays the
mathematical model of PMSG wind turbines. The MPC based
active and reactive power coordinated control strategy is

-

introduced in Section 4 and simulated in Section 5. Finally,

Section 6 summarizes this paper.

Frontiers in Energy Research

10.3389/fenrg.2023.1159946

2 The system description

The composition of the PMSG wind turbine studied is shown in
Figure 2, which mainly consists of a wind turbine, a PMSG, a back-
to-back converter, and multiple controllers. In this paper, the
generator-side converter is employed to maintain capacitor
voltage and the grid-side converter controls active power to
realize maximum power point tracking and provide grid
frequency support. Meanwhile, the grid-side converter is also
used to control the reactive power exchange to the power grid, so
as to provide grid voltage support. Therefore, the key to providing
frequency and voltage support for the power grid is to control the
active and reactive power of the grid-side converter.

In order to obtain the wider range of active and reactive power
amplitude and climbing under the given apparent power amplitude
and climbing constraints, in this paper, both the amplitude
coordinated restriction and climbing coordinated restriction of
the grid-side
considered. In view of the obvious advantages of MPC in dealing

converter’s active and reactive power are
with multi-input and multi-output control problems with complex
constraints and specific objectives, this paper applies MPC to struct
the active and reactive power coordinated control strategy of the
grid-side converter.

The MPC based active and reactive power coordinated control
system of the grid-side converter is presented in Figure 2. The MPC
controller uses the predictive model of the controlled system to
predict the behavior of the controlled system under different control
actions and selects the optimal control action which minimizes the
objective function. According to the situations of the power grid and
the PMSG wind turbine, the objective function is automatically
adjusted so that the proposed control strategy can adapt to different
grid support scenarios.

Firstly, the mathematical model of the grid-side converter is
established. Secondly, an inverse system is designed in order to
change the grid-side converter into a pseudolinear composite
system. Thirdly, the prediction model and constraint conditions
of the MPC controller are built according to the state space equation
and operation boundary of the pseudolinear composite system, and
the objective function of the MPC controller is built according to the
reference value and priority of active and reactive power. Finally, the
optimal control action is obtained by solving the optimization
problem.

3 The system model

3.1 Mathematical model of grid side
converter

By analyzing the three-phase circuit between the grid-side
converter and the power system as shown in Figure 2, the three-
phase mathematical model of the grid-side converter system can be
written as follows:

dl abc
dt

Usbe = Eape = IR+ L (1)

where Uy, and Egp,. represent the three-phase voltage of the grid-
side converter and the power system respectively. R and L are the
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resistor and inductor of the filter. I ;5 represents the three-phase grid
current flowing into the power grid from the grid-side converter.

The three-phase mathematical model (1) of the grid-side
converter can be transformed to a mathematical model in dq
synchronously rotating reference frame, which can be expressed

as follows.
dig . )
LE = —Rig + wLig +ug —e4
(2)
di,
T = -Rij - wLig+u; — ¢,
e; =e
e; =0 3

where iy and iy, ug and ug, e4 and e, are the grid current, converter
voltage, grid voltage in dq-axis. e and w are the amplitude and
angular frequency of the grid voltage, which are uncertain and
varying parameters. The active and reactive power flowing into the
power grid can be given by

3
pP= Eeid

; (4)
Q = zeiq

3.2 Grid Side Converter Model Linearization

It can be seen that the nonlinearities exist in the grid-side
2) the

nonlinear terms e and w. In this paper, an inverse system is

converter’s mathematical model since it contains
designed and connected in series to the control loop to cope with
the nonlinearity existing in the grid-side converter’s mathematical
model. The inverse system uses real time state feedback to
compensate the control variables v; and Vgs which the
compensation law can be expressed as follows.

It is worth mentioning that, due to the need to solve the
optimization model, the sampling interval of an MPC controller
cannot be set as a small value, while the sampling interval of an
inverse system can be set to very small, so the inverse system can
sample the state variables (i; and i;), amplitude e and angular
frequency w in real time to compensate the control variables vy
and v,. The real time system states (iy and i;) can be obtained by
measuring the real time three-phase current and making a Park’s

Transformation.

ug = Lvg + Rig — wLig +e
Uy = Lvy + Riy + wLiy )

As shown in Figure 2, v4 and v, are the inputs of the inverse
system. 1y and u, are the outputs of the inverse system and as
converter control voltages to input in the grid-side converter system.
The mathematical model of the composite system composed of the
inverse system and the grid-side converter system can be obtained
by substituting (5) into (2)-(4).

diy

Loy

dt

. (6)

di,

—1_y

dr 1
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pP= —eid

2

; (7)
Q = Eeiq

Therefore, a grid-side converter composite system is structed
which inputs are v4 and v,, and outputs are the active power P and
reactive power Q.

The state variables and output variables of the composite system
are the same as those of the grid-side converter system. Therefore, to
control the composite system is essential to control the converter
system grid-side converter system.

The state representation Eq. 2 of the grid-side converter system
contains the nonlinear terms e and w. If the amplitude e and angular
frequency w of the grid voltage change, the MPC controller may not
achieve the expected effect of predicting and controlling the state
variables. In contrast, the state representation Eq. 6 of the composite
system is linear and definite, so that the state variables can be accurately
predicted and controlled by the MPC controller whether the amplitude
and angular frequency of the grid voltage change or not. Therefore,
compared with the direct control of the grid-side converter system, the
control of the composite system can obtain a more reliable control effect.

The grid-side converter composite system model (6)—(7) can be
written as a normal linear state space model.

x=Ax+Bv
y=Cx

. T T
x = ligig] » y = [P, Q]

[iei e

0,0 0,1
If the amplitude of the grid voltage is stable, the system model
can accurately describe the output characteristic of the system. So

(8)

b

1.5%, 0
0, 1.5%

that the MPC controller can accurately predict and control the
outputs of the system. The system outputs will gradually reach the
reference values under the control of the MPC controller.

In contrast, if the amplitude of the grid voltage changes after being
measured, this means that the output characteristic of the system has
changed and does not match the currently established system model
during this sampling interval. The MPC controller may not achieve the
expected effect of predicting and controlling the system outputs during
this sampling interval. However, the system model will be corrected
because the MPC controller will re-measure the grid voltage amplitude
at the beginning of the next sampling interval. Based on the correct
system model, the system outputs will gradually reach the reference
values under the control of the MPC controller. Therefore, the change of
the grid voltage amplitude will not cause the system to lose stability, but
make the outputs of the system fail to reach the expected value within
the current sampling interval.

The MPC algorithm is not executed continuously in the controller,
but at regular interval, which is called sampling interval or control
period and is denoted by T. Discretization (8) can result in

x(k+1)=Agx (k) + Byv(k)
7 (k) = Cax (k)
x (k)= [ia (k) ig (0], v(R) = [va(R),v, (K)]
y () = [P(R,Q"
Ay = AT, B; = J

©)

eA’dt . B, Cd =C

0
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where x(k), v(k), y(k) are the states, inputs and outputs of
the grid-side converter composite system in discrete time.
Next, the MPC controller is designed to control the grid-side
converter composite system, based on the discrete state-space
model (9).

4 The MPC based control strategy

The prediction horizon refers to the time range from the current
time point to a certain time point in the future. The MPC algorithm
needs to predict the state variables of the composite system in this
time range. The time length of the prediction horizon is an integral
multiple of the MPC sampling interval/control interval, so it can be
expressed as Np*T. Similarly, The control horizon refers to the time
range from the current time point to a certain time point in the
future. The MPC algorithm needs to compute the optimal control
variables of the composite system in this time range. The time length
of the control horizon is an integral multiple of the MPC sampling
interval/control interval, so it can be expressed as Nc*T.

In this paper, Np = 3 and N¢ = 2 when we introduce the
formulas of the optimization problem. This means that the MPC
algorithm needs to predict the state variables of the system from
the time t = (k+1)*T to the time t = (k+ 3)*T, meanwhile, the
MPC algorithm needs to compute the optimal control variables
of the system in the period from the time t = kT to the future time
t = (k+2)*T.In fact, they can take other values. With the increase
in the Np and Ng, the computing time and controller
performance of the MPC algorithm will increase. When
setting the values of Np and N, it is necessary to ensure that
the computing time of the MPC algorithm cannot exceed the
MPC sampling interval.

In each sampling interval, the MPC controller solves the
optimization problem (8-23) and obtains the optimal control
variables v (t) = [va (1), vq(D)],t =KT, (k+ 1)T,... (k+N¢)T of
future Nc sampling interval, and then only the first set of
optimal control variable [vq(kT),vq(kT)] will be provided for
the composite system.

4.1 Constraint conditions of power
amplitude

Generalized power amplitude constraint conditions include

the power amplitude constraints and current amplitude

constraints. Based on the discrete state-space model (9), the grid
current amplitudes in the future triple control periods can be
predicted as follows.
x(k+1)=Azx (k) + Byv (k)
x(k+2)=Agx(k+1)+Byv(k+1) = Ai*x (k) + AyByv (k)
+Byv(k+1)
x(k+3) = Agx(k+2)+Byv(k+2) = Al x (k) + Ag*Byv (k)
+ AyByv(k+ 1)+ Byv(k+2)
(10)

The prediction model (10) of grid current amplitudes can be
rewritten in matrix form.
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X= ADx(k) +BDV
X=[x(k+1);x(k+2);x(k+3)]
V= [v(k);v(k+1);v(k+2)]

Ap = [As; Al AL (11)
By, 02x2)» 02x2)

Bp=| AsBs,  Ba, 0252
AiBs,  A4Bis, By

The future grid current amplitudes should not be greater than of
the rated current amplitude of the grid-side converter. Then, we
have.

() =iaG) +igG)Y < j=k+1L.k+3  (12)

Compared to separately restricting each active current iy (j) and
iq ()
ig™" <ig () <ig M ig ™ <ig (j) <ig ™, coordinately restricting

reactive current amplitude such as

active current iy and reactive current i, (j) amplitudes as (12)
makes the amplitude range of active current and reactive current
larger.

Similarly, based on discrete state-space model (9), the power
amplitudes in the future triple control periods can be predicted.

y(k+1)=CyAsx (k) + CyByv (k)
y(k+2)=CyAux(k+1)+CyByv(k+1)
= C A4 x (k) + C4A Bav (k) + CyBav(k + 1)
y(k+3)=CyAux(k+2)+CyByv(k +2)
= CyAs x (k) + C4As Bav (k) + CaAqBav (k + 1)
+CyByv(k+2)

(13)

The prediction model (12) of the power amplitudes can be
rewritten in matrix form.

Y =Cpx (k) + DpV
Y =[y(k+1);y(k+2);y(k+3)]
V=[vk);vk+1);v(k+2)]

Cp = [(CaAa); (CaAs); (CaAL’)] (14)
C4Ba, 002 Opx

Dp =| C4AaBs, CyiBs, 0
C4A%Bs,  CaAaB4, C4By

The future apparent power amplitudes of the grid-side converter
should not be greater than its rated apparent power amplitude.
Then, we have.

G = PG +Q() <Spj=k+ 1 k+3  (15)

Compared to separately restricting each active power P (j)
and reactive power Q(j) amplitude such as P™"<P(j)
<Pmax QMR <Q(j)<Q™™, coordinately restricting
power P(j) and reactive power Q(j) amplitudes as (15)
makes the amplitude range of active power and reactive power

active

larger.

4.2 Constraint conditions of power climbing
and voltage

Based on the state space model (6)-(9), we can see that the
climbing of active power and reactive power depends on the control
variables v4 and v,. To restrict the maximum climbing of apparent
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The variation characteristic of the control variables, current and
converter voltage.

power, the coordinately restricting climbing of active and reactive
power can be set as

va (7)) + v ()’ SV 1= Koo (K +2) (16)

Compared to separately restricting each control input such as
VdmmSVd(j)SVdmax,quinqu(j)qumaX,
restricting v4 and v, as (16) makes the climbing range of active

coordinately

and reactive power larger.

In order to protect the grid-side converter and dignify the output
voltage waveform, the amplitude coordinated restriction and
climbing coordinated restriction between grid-side converter
voltages ug and u, are structed in this sub-section. The variation
characteristic of the converter voltage 14 and 1, can be analyzed as
follow and is shown as Figure 3.

(1) The variation characteristic of the control variables v; and v,

As mentioned above, The MPC algorithm is not executed
continuously, but at regular control period T. At the starting
point of each control period T, the MPC controller solves the
MPC algorithm and outputs a new round of control variables v4
and v,. Then, the outputs of the MPC controller will remain
unchanged until the next control period.

Therefore, during a control period T, the control variables v4
and v, remain unchanged. At the moments of two control period
junctures, the MPC controller will give a new round of control
variables v4 and v,, so that the control variables v4 and v, will
suddenly change at these moments. The variation characteristic of
the control variables v; and v, can be seen in Figure 3.

(2) The variation characteristic of the current iz and i,

According to mathematical model (6), it can be seen that the
change rates of the current iz and i, are the control variables v; and
V> respectively. During a control period T, the control variables v4
and vq remain unchanged. Therefore, the current i; and i will
monotonically increase or decrease. The variation characteristic of
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the current iy and i; can be seen in Figure 3. The variation
characteristics of the power P and Q are consistent with those of
the current iy and .

(3) The variation characteristic of the converter voltage ug and u,.

Based on inverse system model (5), the derivative of the
converter voltage 1y and u, can be calculated as duy/dt = Rvy -
wLvy and dugy/dt = Rvy + wLvg. It can be seen that the derivatives of
the converter voltage uy; and u,; are constant, so they vary
monotonically during a control period T.

At the moments of two control period junctures (such as t =
kT.. t=(k+3)T), the MPC controller will give a new round of control
variables v4; Vg According to mathematical model (5), the converter
voltage 1 and u, will suddenly change at these moments due to the
sudden change of the control variables v and v,. The variation
characteristic of the converter voltage uy and u, can be seen in
Figure 3.

Based on the inverse system model (5), the future converter
voltage u(j)*, j = k...k + 2 in Figure 3 can be calculated as

u(k)" = Lv(k) + Rjx (k) +¢;
u(k+1)" ==Lv(k+1)+ Rix(k+1) +e;
u(k+2)" =Lv(k+2)+Rix(k+2) +e; (17)

| ua () _ [ R,—Lw, e
u(k) _[uq(k)+:|) R}_< LCUO,R )) e}_|:0:|
The prediction model (17) of converter voltage can be rewritten
in matrix form.

U+=LV+R]W+€]

Ut = [u(R) 5ulk+ 1) 5u(k+2)]

W = [x(k);x(k+1);x(k+2)]

V = [v(k); vk + 1) v (k +2)] (18)
e = lejiejie;

R; = dmg(Rj,Rj,Rj)

Based on the inverse system model (5), the future converter
voltage u ()™, j = k+ 1.k + 3 in Figure 3 can be calculated as

u(k+1) == Lv(k) + Rjx(k+1) +e;
u(k+2) =Lv(k+1)+Rix(k+2)+e;
u(k+3) =Lv(k+2)+Rjx(k+3)+e;

- | ua(k) _ [ R,—Lwy e
uk)” = I:uq(k)f ]’ R; _< Lwy, R >’ €= [O]
The prediction model (19) of converter voltage can be rewritten
in matrix form.

U~ :LV+R]X+6]

U =[utk+1)5utk+2);u(k+3)7]
X=[x(k+1);x(k+2);x(k+3)]

V = [v(k); vk + 1); v (k + 2)] (20)
ey = |ej;ejie;

R; = diag(R;, R}, R;)

The future voltage amplitudes of the grid-side converter should
not be greater than its rated voltage amplitude. Then, we have.

HONEONSIADNE

| i=kok+2
G = ua ()T + g G) T <

21
, j=k+1,.,k+3 21)
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As shown in Figure 3, at the moments of two control period T
junctures (such as t = kT. . .t=(k+3)T), the output converter voltage
u = [ug, uq]T will suddenly change due to the suddenly change of
control input v = [vd,vq]T. The climbing of the converter voltage
depends on the change of the control input which is denoted by
Av = [Avy, Avq]T. Avg and Av, are coordinated restricted in order to

avoid excessive transient climbing of converter voltage.

[Av (G = Ava () + Avg () <AV 0 j =Koy (K +2)
Av(k)=v(k)-v(k-1)
Av(k+1)=v(k+1)-v(k)
Av(k+2)=v(k+2)-v(k+1)

(22)

The square of the current amplitude is lil> =i + iq2 and the
square of the converter voltage amplitude is |u|* = uy? + u,*. Based
on dig/dt = vy and diy/dt = v, the second derivative of |i]* can be
calculated as d?|i|*/dt? = igvy + 2iqv,. Similarly, based on du,/dt =
Rvy — wLv, and duy/dt = Rvg + wLv,, the second derivative of [u)?
can be calculated as d?[ul*/dt? = 2(Rvg — wLvy)® + 2 (Rvy + wLva)™

It can be seen that the second derivatives of both |i|* and |u|?
are greater than or equal to 0. This means that during a control
period T, the curves of both |i|* and |u[* are concave downward.
The maximum values of |i|* and |u|* during a control period T will
appear at the beginning and end instants of the control period.
The square of the apparent power amplitude |S|* and the square
of the current amplitude li* have the same characteristics.
Therefore, it is only necessary to restrict the amplitude square
of converter voltage, current and power at the beginning and end
instants of each control period T such as constraint conditions
(12), (15), (21). Even without the above reasons, since the MPC
controller is discrete, it can only carry out discrete constraints on
voltage, current and power.

4.3 Objective function

The optimization objective is to minimize the deviations
between the output values and reference values of the grid-side
converter composite system’s active and reactive power.

min J = AYTRAY

AY =Y, - Y
Y = [y(k+ 1); y(k+2); y(k+3)]
Yref = J’(k + 1)ref’y(k + 2)ref7y(k + 3)ref] (23)
Y (K)rey = [P(K)eps QW,er]' y(K) = [P(R), Q)T
= (’;i’;g ., R=diag(r,r,r)

When the apparent power reference of the grid-side converter
composite system lesser than its rated apparent power, the output
values of active and reactive power can reach their reference values.
If the apparent power reference is greater than rated apparent power,
the priority of active and reactive power must be set and the party
with lower priority cannot reach its reference.

This paper sets the priority of active and reactive power by
setting the deviation coefficients p and ro. When rp is greater than
7@, it means that the active priority is higher. On the contrary, when
rp is less than rq, reactive power priority is higher. The party with
higher priority can achieve greater amplitude and climbing.
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According to the National standard of China “Technical
Regulations for Wind Farm Access to Electric Power System,
GB/T 19963.1-2021”, when the grid voltage change is in the
domain of e<0.9ey or e>1l.ley, the wind farm should provide
reactive power support for the grid voltage recovery, and when the
grid voltage change is in the domain of 0.9ey <e < 1.1ey, the wind
farm should withdraw reactive power support.

Therefore, in the proposed control strategy, according to the
situation of the power grid and the PMSG wind turbine, the
deviation coefficients rp and rq. are automatically adjusted so
that the proposed control strategy can adapt to different grid
support scenarios. For example, when the grid voltage change is
in the domain of 0.9ey <e < 1.1ey, the active power priority is set
higher ( rp > rq ), so that the PMSG wind turbine can carry out
maximum wind energy capture and frequency support. When the
grid voltage change is in the domain of e <0.9ey or e > 1.1ey, the
priority task of the PMSG wind turbine is to provide reactive power
support for the grid voltage recovery, and of cause the reactive power
priority is set higher ( rp < rq ). The priority of active and reactive
power can also be set according to other conditions, such as grid
frequency or rotor speeds of the PMSG wind turbine.

4.4 Stability analysis

The optimization problem of the MPC controller can be sort out
as follows

min J ({V}) = AYTRAY
¢({Vh)<0,i=1,--,m (24)
s.t. (8)_(23){]1]({‘/}):0’]: L,-n

where ¢; ({V}) and h; ({V}) represent the inequality constraints and
equality constraints in (8-23). The optimization variables {V'} of the
v(k+ N¢)].

4.4.1 The feasibility of the optimization process
To avoid the feasible set determined by the constraints becoming
empty, the optimization problem (24) can be modified as follows.

min ] ({V,e}) = AY"RAY + ) p,lei[?
i=1
C,‘({V,S})SE,‘, i= 1:"':m (25)
s.t. 8,«20,i=1,-~-,m
hi({(Vh=0,j=1-n

The optimization variables {V, &} of the optimization problem

(25)  include  original  optimization  variables =V =
[v(k);-=; v(k+Ng)] and slack optimization variables
e=[e; 5 &nl]. The values of the slack optimization variables ¢ =
[e1;-;  &n] are flexible, thus any values of the original

v(k + N¢)] can satisfy the
constraints. In other word, the feasible set determined by the
constraints is always non-empty so that the optimization
problems (25) always exists the optimal solution during the
optimization process.

&y ] are contained
in the objective function, so that all the slack optimization variables
e=ler; gl will

eventually approach 0 during the
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optimization process. In the end, the optimization problem (25) is
the same as the optimization problem (24).

4.4.2 The stability analysis of the control system.

The control system including the MPC controller and the grid-
side converter composite system. Stability analysis is to construct an
energy function for the control system and determine whether the
energy function meets the stability conditions. The energy function
chosen here is Er (x(k)) = y(k)T r y(k), where y(k) = Cax (k).
Next, we will prove that it satisfies the stability conditions.

1) Egr(x(k)) is a positive definite function.

If x(k)#0, we have y(k)=Cyx(k)#0, then Eg(x(k))=

(k) y(k)>0.
If x(k)=0, we have y(k)=Cyx(k)=0, then Ep(x(k)) =
y(R)'r yk) =o.

Therefore, Er (x (k)) is a positive definite function.
2) when |x (k)] — oo, the Er (x(k)) — oo.
Firstly, Ep = y(k)T r

If |x(k)] =00, we
then Er (x(k)) — oo.

y(k) = aly (k)] « is a constant.

have |y (k)| = |Cax (k)| — oo,

3) If x (k) 0, Er (x(k)) is going to go down over time.

When judging the change trend of the energy function
Ep (x(k)), the system input vector is 0 vector (Y, = 0) but the
initial system state vector is not 0 vector (x (k)= [ia (k),iq (F)]" +0).
Given that AY =Y,y ~Y and Y,er = 0, the optimization problem
(25) can be rewritten as:

m k+Np m
min ] ({V,e}) =Y'RY + Y plal = Y yO' r y(D)+Yplel
i=1 I=(k+1) i=1

§20,i=1,",m

a({V,eh)<eg,i=1,--,m
s.t <|
h; ({V})

=0,j=1,"n
(26)
When initial state variables are x (k)= [id(k),iq(k)]T #0, the

Ep(x(k) = y()' r y(k).
optimization problem (26), the optimal variables obtained are

energy function is Solving the

denoted by Vk=[v(k);--; v(k+Ng)l, &= [s’f; e’fn], and
the optimal state sequence is denoted by
Xk =[x(k+1);--; x(k+Np)l, and the optimal output
sequence is denoted by Y* = [y(k+1);--:; y(k+ Np)]. Then,
the objective function is TV, ek = j:r( kil)
y ' r oy + Y7, pilsf.‘Iz. By analyzing the optimization

problem (26), the optimization results have the following two
hypothesis.

If the value taking of the original optimization variables V* =
[v(k);---; v(k+ Nc)] makes the state variables and outputs
constantly approach 0 (that is |x (k)| > |x(k + 1)|
> >|x(k+Np)|=0 and |y(k)|>|y(k+1)|=-->|y(k+ Np)|
>0), the value taking of the slack optimization variables &X =
e8] can be smaller or remain 0. so that the result of
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k+N
function Zl +(k:1) yF

On the contrary, if the value taking of the original optimization

TV, eh*

the  objective

y()+
Z;ﬁlpikfflz will be smaller.

variables V¥ = [v(k);---; v (k + N¢)] make the state variables and

outputs constantly away from 0 (that is

|x(k)|<|x(k+1)|<---<|x(k+Np)| and  |y(k)|<|y(k+1)]
k

E =

<+ <|y(k+Np)|), the
k] will be forced to take larger values to ensure that

slack optimization variables

the inequality constraint can be satisfied. In this way, the result of the
objective function J ({V, e = Zz +IZL) y(l)T y()+ Z;:1Pi|8,
will be larger.
Given that the variables obtained
= [v(k); 5 v(k+No), &
the objective function

y (D + Sp el
the first hypothesis. That is to say, the optimal state variables

optimal
& ] always minimize

Jqv.eh =Y oy r

Therefore, the optimization result will satisfy

and optimal outputs obtained from solving the optimization

problem (26) will constantly

(Ix (k) >|x(k+1)|=-->|x(k+ Np)| =0

and |y (k)| >|y(k+1)|=---=|y(k+ Np)|=0).
Under the control of the MPC controller, in the next sampling

approach 0

interval, = the  system  state  variables = changes to
x(k+1)= [ig(k+1),iq(k + DY, the energy function is
Er(x(k+1)=y(k+1)"r y(k+1). Given that

|y (k)| >y (k +1)|, we have Ep (x(k)) > Ep (x(k + 1)). The energy
function Er(x(k)) declines over time.
If x(k+1) #0, solving the optimization problem (26), the

optimal variables obtained are denoted by
VEL = [y(k+ 15 vk 1+ NQL &1 = [t ko],
and the optimal state sequence is  denoted by
Xk = [x(k+2);-; x(k+1+Np)], and the optimal output
sequence is denoted by yk+l = [y(k+2);--; y(k+1+Np)l.
Similarly, the optimization result will satisfy that
[x(k+1)|>]x(k+2)]=-2|x(k+1+Np)|=0 and
ly(k+D|>|y(k+2)|=--=]y(k+1+Np)|=0). Under the

control of the MPC controller, the system state variables will
changes to x(k +2) in the next sampling interval, and we have
Ep(x(k+1))>Ep(x(k+2)).

By analogy, if the state vector is not 0 vector, the energy function
Er (x(k)) is going to go down over time under the control of the
MPC controller.

4.5 Optimization solving program

The optimization problem (25) is a convex optimization
problem with a convex quadratic objective function and multiple
convex quadratic constraints which can be solved in many ways.
Specifically, a convex optimization problem can be sort out as the
following general form.

min f ({xx})
st. gi({x})<0,i=1,---,m (27)
h fxH=0,j=1,--,n

where {x;} is the set of optimization variables, and f ({xx}) is the
objective function of the convex optimization problem. g; ({xx}) and
h; ({xk}) represent inequality constraints and equality constraints of
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Step I: Obtains the current states of the PMSG
wind turbine. including the current power.
current. and grid voltage. and obtains the
power references.

Step 2: Constructes the optimization problem
according to the models (8)-(23).

Step 3: Solves the optimization problem by a
convex optimization algorithm or a
commercial solver.

Step 4: Provides the optimal control variables
(Vd and Vq).

{
v
\
\

FIGURE 4
The flow of the MPC algorithm.

the convex optimization problem, respectively. The Lagrange
function is defined as:

Lok b i }) = £ h) + D higs (o) + Dy () (28)
i=1 j=1

where {);} and {/,t j} are called Lagrange multipliers. The optimal
solution of convex optimization problem (27) can be obtained by
solving the KKT conditions (Xu et al., 2001). as follows.

oL

—=0,k=1,--,K

o 0, k

L

§—=0,j=1,~~,]

Yj (29)

Agi({xi))=0,i=1,---m
L=0,i=1,--,m

g <0,i=1,-,m

In (29), equality constraints are used to solve the optimal
solution, and inequality constraints are used to verify the optimal
solution. It is worth mentioning that in addition to the above
method, there are many solving methods (An, 2000) and mature
commercial solvers for convex optimization problems. The
commercial solvers (Gurobi optimization, 2023; IBM CPLEX
Optimizer, 2023) can be used to solve convex optimization
problems conveniently and quickly, without the need for users to
write optimization programs.

In each sampling interval T, the actions of the MPC controller
include measuring the system states, constructing and solving the
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FIGURE 5
The active and reactive power step references of the PMSG wind
turbine.

optimization problem (8-23), and providing the optimal control
variables (V4 and V) to the system. The flow of the MPC algorithm
is shown in Figure 4.

5 Case study
5.1 Simulation description

The performance of the proposed active and reactive power
coordinated control strategy is evaluated in this section by testing
the tracking performance of the PMSG wind turbine to the active
and reactive power step references. The references of active and
reactive power are shown in Figure 5. In order to capture
maximum wind energy, the active power reference remains at
2.5 MW unchanged. The grid voltage stays in the rated value at
0-0.2s and the reactive power reference is set as 0.1 MW at
0-0.2's. While the grid voltage drops down to 50% of the
rated value at 0.2 s and the duration is 0.6 s. According to the
reactive current support requirements in grid codes [21], the
reactive power reference is stepped from 0.1 MW to 1.35 MW
at 0.2 s.

Three different scenarios are simulated in this section using
MATLAB/Simulink.

S1: Active and reactive power are controlled using the MPC

controller without coordinated restrictions and priority
arrangement

S2: Active and reactive power are coordinately controlled using
the MPC controller, which considers amplitude coordinated
restrictions and priority arrangement of active and reactive
power.

S3: Active and reactive power are coordinately controlled using
the MPC controller, which considers amplitude coordinated
restrictions and priority arrangement of active and reactive
power. Meanwhile, the climbing coordinated restrictions of
active and reactive power is considered.

S4: Active and reactive power are coordinately controlled using
the PI controller, which considers amplitude coordinated
restrictions and priority arrangement of active and reactive

power.
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TABLE 1 Parameters of the grid-side converter system.

EEIEINEES Description Value
R (Q) The resistor and inductor of the filter 0.027
L (mH) The inductor of the filter 1.65
en (V) Rated phase voltage of the power grid 1732
Sy (MW) Rated apparent power of the grid side converter 3
iy (A) Rated current of the grid side converter 577.35
uy (V) Rated phase voltage of the grid side converter 1803
T (ms) Control period of the MPC controller 10

The other conditions and parameters in the three simulated
scenarios are the same. The parameters of the grid-side converter
system are indicated in Table 1 (Yaramasu and Wu, 2014). The
prediction horizon is set as five times control period T and the
control horizon is set as four times control period T when
simulating.

5.2 Results and analysis

Figures 6-8 depict the power reference tracking results of the
PMSG wind turbine in the three different scenarios. Due to the
grid voltage droping down to 50% of the rated value at 0.2 s, the
maximum apparent power of the PMSG wind turbine change
from 3MW to 1.5 MW at 0.2s. In Scenario S1, the active and
reactive power coordinated restrictions and priority decisions are
not considered. Regardless of the power grid status, the
amplitude range and climbing range of active and reactive
power are fixed and do not interfere with each other.
Therefore, the PMSG wind turbine cannot guarantee reactive
power output by reducing the active power output. Therefore,
when the grid voltage drop, the reactive power of the PMSG wind

10.3389/fenrg.2023.1159946

turbine cannot meet the 1.35 MW reference which is the reactive
power support requirement.

Amplitude coordinated restrictions and priority decisions of
active and reactive power are considered in Scenario S2. When the
grid voltage drops down to 50% of the rated value at 0.2s, the priority
task of the PMSG wind turbine is to provide reactive power support
for the grid voltage recovery, and of cause the reactive power priority
is set higher. As shown in Figure 6, by reducing the amplitude of
active power, the PMSG wind turbine can output 1.35 MW reactive
power to meet the reactive power support requirements of the grid.
That is why we say it is very necessary and meaningful to
coordinately control the active and reactive power amplitude of
the wind turbine under the background of grid support.

The proposed control strategy in this paper is simulated in
Scenario 3 which considers amplitude and climbing coordinated
restrictions and priority decisions between active and reactive
power. Similarly to Scenario 2, the PMSG wind turbine can meet
the reactive power support requirements of the grid when the grid
voltage drops. The difference between Scenario 2 and Scenario 3 is
that, the PMSG wind turbine shows a faster response speed in
Scenario 3, which the dynamic time in Scenario 3 is 20 ms and it is
40 ms in Scenario 2. This demonstrates the superiority of the control
strategy proposed in this paper.

Figures 9, 10 show the current climbing of the PMSG wind
turbine in Scenario 2 and Scenario 3. It can be found that the active
and reactive current climbing limit value of the PMSG wind turbine
in Scenario 3 is larger than that in Scenario 2. The greater ability to
climb allows the PMSG wind turbine to show faster response speed
in response to a step change in the power reference value. The results
explain why the PMSG wind turbine shows a faster response speed
in Scenario 3. The simulation results verify that under the given
apparent power/current climbing constraint, active and reactive
power/current climbing coordinated restrictions allow PMSG
wind turbines to perform a larger range of active and reactive
power/current climbing.

The voltage of the grid-side converter is shown in Figure 11
when the PMSG wind turbine executes the proposed control strategy

Power(MW)
N N
N o w

O
3!

==Active power -
==Reactive power

0 0.05 0.1 0.5

0.2

025 03 035 04

Time(s)

FIGURE 6

The power references tracking results of the PMSG wind turbine in the S1 scenario.
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The power references tracking results of the PMSG wind turbine
in the S2 scenario.
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FIGURE 8

The power references tracking results of the PMSG wind turbine
in the S3 scenario.

(o))
o

WActive power |
I HReactive power |
115
1]

N W A
o O O
T i

L

Current climbing(A/ms)

0.1

0.3

0.15_ 0.2 0.25 0.35

Time(s)

0 005 0.4

FIGURE 9
The power climbing of the PMSG wind turbine in Scenario 2.

in Scenario 3. It is easy to see that the voltage amplitude does not
exceed its maximum allowed value in the whole process. In addition,
there are no sharp climb and spike in the voltage waveform, which
can protect the grid-side converters and improve the electricity
quality of the PMSG wind turbine. Hence, The voltage amplitude
and climbing constraint model proposed in this paper is effective.

The three-phase current of the grid-side converter is shown in
Figure 12 when the PMSG wind turbine executes the proposed
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The power climbing of the PMSG wind turbine in Scenario 3.
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FIGURE 11
The voltage of the grid-side converter in Scenario 3.
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FIGURE 12
The three-phase current of the grid-side converter in Scenario 3.

control strategy in Scenario 3. The rated peak value of single-phase
current is 0.816 kA. It is easy to see that the amplitudes of the three-
phase current do not exceed the rated peak value 0.816 kA in the
whole process. In addition, there are no sharp climb and spike in the
three-phase current waveforms, which can protect the grid-side
converters and improve the electricity quality of the PMSG wind
turbine. Hence, The current amplitude and climbing constraint
model proposed in this paper is effective.

Figure 13 shows the result of the PMSG wind turbine tracking a
3 MW step active power reference, which is simulated with different
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FIGURE 13

The active power references tracking results of the PMSG wind
turbine under different prediction horizon.

TABLE 2 The steady-state amplitude of active and reactive power with
different deviation coefficients.
Power references

Deviation coefficients Power outputs

rp=1 Pref = 2.5 MW p = 0.65 MW
rqo = 100000

Qref = 1.35 MW Q =135 MW
rp = 100000 Pref = 2.5 MW p=15MW
rq=1

Qref = 1.35 MW Q=0MW
rp=1 Pref = 2.5 MW p =132 MW
rQ

Qref = 1.35 MW Q =0.713 MW
rp=1 Pref = 2.5 MW p =095 MW
rq =10

Qref = 1.35 MW Q = 1161 MW

prediction horizons. As can be seen from Figure 13, when the
prediction horizon is short (Np = 1), the output of the PMSG
wind turbine exists the overshoot. This is because the MPC model
in this paper contains constraints on the power climbing change.
The active power output of the PMSG wind turbine has a large
climbing in the early stage, and the climbing cannot be changed
quickly after approaching the active power reference value, so
overdrive occurs. When the prediction horizon is long, the MPC
controller can predict the corresponding future multi-step power
output under different control variables, and select the optimal
control variable to avoid overshoot. It is worth mentioning that
the longer the prediction horizon, the better the control effect. In
the scenario, the control effect is exactly the same when Np =5 as
when Np = 9. It is worth mentioning that as the prediction
horizon increases, the control effect will not get better. In the
current scenario, the control effect is exactly the same when Np =
5 and Np = 9.

In the proposed MPC based control strategy, the priority of
active and reactive power can be flexibly arranged by setting the
deviation coefficients rp and rq in the objective function. The
steady-state amplitude of active and reactive power at 0.2-0.4s in
Scenario 3 are displayed in Table 2, which is simulated with different
deviation coefficients rp and rq. Due to the grid voltage drops of
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The power references tracking results of the PMSG wind turbine
in the S4 scenario.
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FIGURE 15
The voltage of the grid-side converter in Scenario 4.

50% at 0.2's, the maximum apparent power of the PMSG wind
turbine changes from 3MW to 1.5 MW. Under the given 1.5 MW
apparent power constraint, different priority settings will result in
different active and reactive power outputs. So that the PMSG wind
turbine can operate in different modes such as giving priority to the
active power support/output, giving priority to the reactive power
support/output, and giving the same/close priority to the active
power support and the reactive power support. The MPC controller
can flexibly set the priority of active and reactive power, so that the
proposed control strategy can be flexibly applicated in different grid
support scenarios.

Figures 14, 15 depict the power reference tracking results and the
grid-side converter voltage of the PMSG wind turbine when the
PMSG wind turbine is controlled by a PI controller in Scenario 4. It
can be seen in Figure 14 that there are overshoots and steady-state
errors existing when the PMSG wind turbine tracks the active power
references. It is worth mentioning that increasing the integral
parameter in the PI controller can eliminate steady-state errors,
but can lead to larger overshoots. As can be seen in Figure 15, the
grid-side converter voltage may exceed its rated value during the
dynamic process, which may cause damage to the grid-side
converter and degrade the power quality. In addition, the
amplitudes of output power and the grid-side converter voltage
continue to fluctuate during the steady state period. This means that
the power quality of the PMSG wind turbine output is lower.
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As shown in Figures 8-13, the MPC based active and reactive
power coordinated control strategy proposed in this paper can
enable one of active power and reactive power (the one with
higher priority) to track its references perfectly with zero steady-
state error, zero overshoot and transient dynamic process. The
steady-state power curve and the steady-state voltage curve are
smooth straight lines. The power amplitude constraint, power
climbing constraint, power priority arrangement, voltage
amplitude constraint and voltage ramp constraint set in the
proposed control strategy have achieved the expected results.
That is because the MPC controller is good at dealing with
multi-input and multi-output control problems with complex
The
constraints and specific objectives are difficult to implement by

PI controllers.

constraints and specific objectives. above complex

6 Conclusion

In this paper, an MPC based active and reactive power
coordinated control strategy is proposed to enhance the power
control performance and grid support capability of PMSG wind
turbines. Firstly, the constraint conditions in the MPC controller
are constructed which include amplitude and climbing
coordinated restrictions between active and reactive power,
voltage amplitude and climbing constraints of grid-side
converters. These constraint conditions enable PMSG wind
turbines to perform a wider range of active and reactive power
amplitude and climbing, and a smoother output voltage
waveform. Then, an objective function is constructed to
minimize the deviation of active and reactive power from their
reference values. By setting the deviation coefficients in the
objective function, the priority of active power output and
reactive power output can be flexibly arranged. So that PMSG
wind turbines can meet the power output requirements in
different grid support scenarios. In the end, the simulation
results show that the proposed control strategy can make
PMSG wind

performance and thus better meet the requirements of power

turbines achieve excellent power control

grid support. In the future, the influences of sampling delay and
MPC calculation delay on the proposed control strategy will be

analyzed and the proposed control strategy will be improved by
using delay compensation technology.
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