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Abstract—This paper presents a novel design process
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of decoupled Pl current controller for permanent magnet
synchronous generator (PMSG)-based wind turbines feed-
ing a grid-tied inverter through back-to-back converter.
Specifically, the design methodology consists of combin-
ing disturbance observer-based control (DOBC) with feed-
back linearization (FBL) technique to ensure nominal tran-
sient performance recovery under model uncertainty. By
simplifying the DOBC under the feedback linearizing con-
trol, it is shown that the composite controller reduces to
a decoupled PI current controller plus an additional term
that has the main role of recovering the nominal transient
performance of the feedback linearization, especially un-
der step changes in the reference. Additionally, an anti-
windup compensator arises naturally into the controller
when considering the control input saturation to design the
DOBC. This permits to remove the effect of the saturation
blocks required to limit the control input. The proposed
control scheme is implemented and validated through ex-
perimentation conducted on 22-pole, 5 kW PMSG. The re-
sults revealed that the proposed technique can success-
fully achieve nominal performance recovery under model
uncertainty as well as improved transient performances
under control saturation.

Index Terms—Anti-windup scheme, disturbance ob-
server, nominal performance recovery, permanent magnet
synchronous generator (PMSG), Pl controller, renewable
energy, wind energy conversion system.

[. INTRODUCTION

N grid-connected applications, back-to-back converter is
I commonly used to control the power exchange between the
host grid and the PMSG-based wind energy conversion system
(WECS) as shown in Fig. 1. This type of converter consists of
a Machine Side Converter (MSC) and a Grid Side Converter
(GSC) that are interconnected through a DC-link capacitor [1].
The role of each converter depends on the operating conditions
such as maximum power point tracking (MPPT), low-voltage
Specifically, under the assumption that the DC-link voltage is
well regulated, the main objective of this work is to design a
PI current controller for the PMSG-based WECS that is able
to achieve a good transient performance, and not just
asymptotic regulation under model uncertainty.
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Fig. 1. Configuration of a direct-drive PMSG-based WECS connected
to the host grid.

ride through (LVRT), power oscillation damping [2], etc. In
this work, the GSC is employed to regulate the DC-link
voltage and the reactive power fed to the grid to comply with
the grid codes. The control design for the GSC is not discussed
here, and it is considered beyond the scope of this work.
Relying on the assumption that the DC-link voltage is tightly
regulated, MSC controls the PMSG output power/torque by
means of stator current regulation. To do so, the reference
for the g-axis current g4,y is selected to correspond to the
torque command by exploring the direct relation between the
developed torque, the direct d-axis component i4, and the
quadrature g-axis component i,. The reference for the d-
axis current is set to be equal to zero as in [3]. The g-axis
current reference can also be generated through the use of
an outer loop to either control the rotor speed under MPPT
operation [4] or regulate the DC-link voltage under abnormal
conditions such as grid voltage fault [5]. Designing a controller
for the PMSG-based WECS under abnormal conditions is
an important area of research itself. This explains why this
work is only dedicated to the case of normal conditions,
ie., the three-phase grid voltage is assumed to be balanced.

There are various control techniques that have been ap-
plied to PMSG to achieve good transient and steady-state
performances. In [6], a linear parameter-varying (LPV) tech-
nique has been adopted to achieve a robust control of the
PMSG-based WECS in the presence of model uncertainty.



LPV control scheme is inspired from H,, optimal control
procedure; therefore, its design requires the use of advanced
optimization techniques. The need for solving an optimiza-
tion problem raises concerns about the complexity of the
control design. An attempt to design a simple and robust
controller for the PMSG-based WECS was through sliding
mode controller (SMC) [7], [8]. The SMC technique provides
an opportunity for tighter guarantees on robustness against
parameter variation, but it suffers from chattering problem.
Direct torque control (DTC) [9] has been introduced to im-
prove the transient performance of the electric machines. DTC
technique is attractive because it permits to obtain a good
dynamic performance, and it is simple to implement. Although
DTC approach has gained a great attention in both industry
and academia, it suffers from irregular torque and flux ripples
because of the variability of the switching frequency. An at-
tempt to reduce the torque ripples in DTC scheme for PMSG-
based WECS was through the use of different topologies of
the MSC such as Vienna-rectifier [10]. Available methods
for replacing DTC with reduced torque ripples are mainly
inspired from model predictive control (MPC) approach [11]-
[13]. The key idea is to evaluate a cost function using all
possible voltage vectors to select the appropriate one based on
an optimality criterion [14]. Such a technique, known as finite
control set-model predictive control (FCS-MPC), is starting
to receive attention in both industry and literature. The main
drawback of FCS-MPC is that exact model parameters are
required to accurately predict the behavior of the system over
the prediction horizon, raising concerns about the robustness
of this method against model parameter variation. To allow for
uncertain parameters, integral action with a large time constant
can be combined with this type of controller to eliminate
the steady-state error under limited prediction accuracy [15].
Assuming directly an integral action in the controller may
degrade the transient performance of the closed-loop system.

Field oriented control (FOC), known also as vector control
(VC), is widely used in industry to control electric machines
because it provides a less-complex controller and a good
transient performance. In VC technique, a decoupled PI con-
troller is usually adopted to control the d-axis and g-axis
currents with the compensation of the effective back-EMF.
In [16], a decoupled PI current controller was used to con-
trol the PMSG-based WECS, where a saturation mechanism
was incorporated into the controller to limit the amplitude
of the voltage reference. The introduction of the saturation
mechanism prevents the MSC to enter into the nonlinear
modulation mode. Nonetheless, the integral control during
saturation may degrade the transient performances because of
the integrator buildup. This performance loss can be reduced
by adding an anti-windup compensator to the controller [17].
As in [17], a simple way to determine the parameters of the
PI current controller for PMSG is the use of internal model
principle. The latter considers the nominal parameters of the
machine to tune the coefficients of the PI controller based
on the specifications of the closed-loop transient response.
The price, however, is that the nominal transient response
cannot be retained under model uncertainty because of the
direct relation between the control design and the machine

parameters. The PI current controller is usually designed using
the dq coordinates. An alternative way to implement PI current
controller in the stationary reference frame is the use of
proportional resonant (PR) controller [18]. The main idea of
the PR controller is to set its resonance frequency to be equal
to the fundamental frequency of the stator voltage, which is
proportional to the rotor speed. The need for exact information
about the fundamental frequency made the PR controller to be
highly sensitive to the change of the rotor speed.

The majority of reported research works mostly focus
on the regulation problem without considering the nominal
performance recovery when dealing with model uncertainty.
To retain the transient performance of the nominal closed-
loop system, it is typical to combine a baseline controller
with either integral sliding mode control (ISMC) [19], [20]
or a disturbance observer-based control (DOBC) [21]. Both
ISMC and DOBC have been proven to be effective in dealing
with nominal performance recovery under model uncertainty.
However, ISMC cannot be directly applied to control the
switching power converter without continuous approximation
of the control input to reduce the chattering effect. The method
proposed in this paper is based on combining a DOBC with
a feedback linearization technique. The proposed DOBC is
basically a reduced-order high-gain observer [22]. Therefore,
as pointed out in [21], for sufficiently fast observer, the
composite controller can recover the nominal transient perfor-
mance specified under feedback linearization method despite
the presence of model uncertainty. Feedback linearization
technique has been already used in the control of the PMSG-
based WECS [23], [24], but none of the existing feedback
controllers considers the nominal transient performance prop-
erty. The main contribution of this work is in proving that
the composite controller, for PMSG-based wind turbine, can
be reduced to a decoupled PI current controller that includes
both the reference jump and an anti-windup compensator.
Therefore, the proposed approach is more suitable for real-
time implementation, as it removes the need for integrating the
system model required to implement DOBC. Compared with
the existing decoupled PI current controller, the introduction of
the reference jump greatly improves the transient performance
of the closed-loop system in spite of model uncertainty.
Another salient feature of the proposed PI current controller
is that an anti-windup scheme arises systematically into the
controller to cope with control input limitation, particularly
when the modulating signal saturates because of the limited
DC-link voltage. The main contributions of this paper can be
summarized as follows:

« Proposing a novel control design of a PI current controller
for PMSG-based wind energy conversion system, which
can be considered as the modification of the existing PI
current controller to achieve good transient performances,
and not just asymptotic stabilization.

o Under unsaturated control, the proposed PI current con-
troller is able to retain the nominal transient response
achieved under feedback controller even in the presence
of model uncertainty and external disturbance.

o During the control saturation, the proposed PI current



controller has a significant ability to cope with the windup
phenomenon, leading to a good transient performance.

Il. DESIGN OF THE BASELINE CONTROLLER

A. Modeling of PMSG

By neglecting the iron losses in the machine, the electric
dynamics equations of the PMSG can be expressed in the
rotor reference frame as follows

& = f(z) + Bu+ Bb
Lo W
where
a:—[id zq]T, u:[ud uq]T 2)
and
b=[bs by |" 3

The disturbance vector b represents model uncertainty, PWM
offset, and external disturbances, and it is assumed to be
bounded. i4 and ¢, are the d-axis and g-axis components of the
armature current, respectively. uq and u, represent the d-axis
and g-axis components of the armature voltage. y represents
the system output to be controlled. The control matrix B is
a 2 x 2 constant matrix, and it is given by

1 1

B= diag{Ld7 7
q

“4)

where Ly and L, are the d-axis and g-axis inductances. The
vector functions f(x) is defined as follows

—Ei + ] W1
.f( )_ fd(m) _ de Ldp i
x) = f (.’B) - R . Ld . ¢1)pwr
q — =g — T PWrlq —
Ly Ly Ly

&)
where ¢,,, p, and R represent the permanent magnet flux, the
number of pole pairs, and the per-phase armature resistance,
respectively. w, is the rotor speed of the PMSG. The control
objective is to regulate the torque T}, produced by the PMSG,
which has the form

3
Ty = §p (o + (La — Lq) id) iq (6)

By forcing the d-axis current to be equal to zero, the g-axis
current can be regulated to correspond to the desired torque.
That is

y=h(@)=x=[is ig | (7)

For a given rotor speed w,, the extracted power is given
by Py, = Tyw, = 1.5pp,wriy. Thus, with w, > 0, select-
ing ¢4 < 0 makes the machine generate the power as P, < 0.
However, with w, < 0, the g-axis current reference should be
positive to make the machine operate as a generator.

B. Baseline Controller Design

As all states are available for measurement, the control
objective can be achieved using a feedback linearization (FBL)
technique. Toward this end, it is required to compute the rela-
tive degrees pq and p, that correspond to the outputs ¢4 and 4,
respectively. From (1)—(7), it follows that the relative degree py
is equal to one, as the control input ug appears in iq [25]. In
the same manner, it can be shown that p, = 1. The relative
degree p of the system is defined as p = pgq+ py = 2. Since
the relative degree p is equal to the order of the system, the
closed-loop system under feedback linearizing control does not
include zero dynamics. Following [25], a feedback linearizing

control is then given by
by
|-[n] @

—1 | Kaea+idgres — fa(x)
Kqeq +igres — fq (T)
where K, and K, are the control gains. Here, the feedback
linearizing control ug is denoted by the baseline controller or
the nominal control law. This is because the control design
of ug assumes exact knowledge of the parameters of the
system including the disturbance b. The tracking errors ey
and e, are defined as follows

UO:B

€d = Z.dref —id; €q = iqref - Z.q )
igref and ig..5 are the d-axis current reference and the g-
axis current reference, respectively. The closed-loop dynamic
equations can be obtained by substituting (8) in (1), leading

to

€q+ Kgeq=0; é;+ Kyueq =0 (10)
In the case of a step input, the reference-to-output trans-
fer function can be determined by substituting igr..y = 0
and ig.¢ = 0 in (10), yielding
Id (S) — Kd . Iq (S) — Kq (ll)
Idref (S) S+Kd’ Iq,«ef (S) S+Kq

where I , is the Laplace transform of ¢4 4. The above equation
indicates that the current loop reduces to a first-order system
with a time constant equal to 1/K, ;. Unfortunately, the target
behavior, specified by (11), cannot be practically achieved as
the implementation of the FBL requires the information about
the disturbances b. Such information can be obtained through
the use of a disturbance observer; therefore, the controller (8)

reduces to
b
|-li] o

where i)d and IA)q are the disturbance estimations. In the case of
a step input, it is clear that the controller (12) is implemented

Kaeq +iares — fa ()

u=RB""! { .
Kqeq +igres — fq (T)

as N
1| Kaeq — fa(x) } { bq }
w= B! S 13
[ Kyeq — fq () by (13)
I11. DESIGN OF THE DISTURBANCE OBSERVER-BASED
CONTROL

A. Disturbance Observer-Based Control (DOBC)
As in [26], an initial disturbance observer can be written as

b= —l(x)Bb+1(z)(@— f(z)—Bu) (14



where () is a 2 x 2 real matrix that represents the observer
gain. The matrix [(x) can be expressed as

Op (x)
l =
(x) =~
with p() is a vector function to be designed. In the presence
of the saturation blocks, the DOBC (14) becomes

(15)

b= —l(x)Bb+1(x) (& — f (€) — Busar) (16)

where usq¢ is the output of the saturation blocks, and it is
computed as

Umin, U < Umin
Ugqt = Sat (u) = u, (NS [um,inv um,am] (17)
Umaa:a Uw > umar
combining (16) with (1) leads to
B—Ez—l(m)B(E—b)—B (18)
Let e, be the disturbance estimation error as e, = b —
b, then (18) reduces to
ép = —1(x) Bep — b (19)

As B is a constant diagonal matrix, the above dynamic
equation can be made stable by choosing I(x) to be a constant
diagonal matrix as

. |0
l(w)—l—{o lq} (20)
Invoking (15), p(x) can be chosen as
p(x) =lz = laa lgig |" (21)
Combining (19)-(20) leads to
. ld ; . ld ]
€pd = _fdebd —ba;  Epg = _fqebq -b; (22)

where epq = bg — bg and ey = by — by are the disturbance
estimation errors, and

ev=1[ e eng ] (23)

From (22), it follows that the disturbance estimation error e
is bounded for any bounded b provided that the observer gain
is chosen as [,, > 0, with = {d, ¢}. The asymptotic stability
of the origin e, = 0 is guaranteed under the condition

lim b, =05 n={d.q} (24)
The above condition is always satisfied for the system under
study. This is because, at the steady-state regime, the PMSG
usually operates under a constant set-point.

The real-time implementation of (14) requires the measure-
ment of the time derivative of the state which is not always
available. To address such a problem, the disturbance observer
can be implemented as follows

(2= 1P 0 =110+ P
b=2+p(x)

The block diagram for implementing the composite controller
using the DOBC (25) is depicted in Fig. 2. As all states are

(25)

measurable, i.e., y = x and p(x) = lz = ly, the above
disturbance observer can be viewed as a reduced-order high-
gain observer [22]. Therefore, for sufficiently high observer
gain, the composite controller can retain the nominal transient
performance achieved under the feedback linearizing control,
particularly when the control input does not saturate during
transients [21]. In other words, the composite controller is able
to produce the transient behavior, defined by (11), provided
that [,, is high enough.
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Fig. 2. Block diagram of the composite controller using the DOBC.
Here, THIM denotes third harmonic injection method used for generating
the modulating signals da, d, and d.. The actual control u8¢! is
approximated as u$%! = (dgpe — 0.5) vge

abc

B. PI-Disturbance Observer

The DOBC can be further simplified to make it more
convenient for real time-implementation. To do so, note that
the initial disturbance observer (16) can be rewritten as

b= —IBb+1(i— f(x)— Bu+Ba)  (26)
where
U=U— Usqt 27
Now, substituting (12) into (26) gives
b=—iKe—lé+IBa (28)

where K is a 2 X 2 diagional matrix, representing the control
gain, and e is the tracking error. That is

K =diag{Ka, K,}; e=[ea e T (29

The PI disturbance observer can be obtained by integrating
the above equation, yielding

t
b= —ZK/ e(r)dr —le +b(0) + ug (30)
0

b(0) = le (0) + b (0) ; uazB/Otra(T)dT 31)

In the absence of information about the disturbance b, the
initial term 5(0) is set to be equal to zero in order to ease
the real-time implementation of the composite controller. The
term wu, is basically an anti-windup compensator that has
the role of eliminating the undesired effect of the saturation
block required to limit the modulating signal fed to the Pulse
Width Modulation (PWM) technique. In the case of a filtered
reference, the initial tracking error is equal to zero, i.e, e(0) =
0, meaning that the PI-disturbance observer reduces to a
PI controller plus an anti-windup scheme. In other words,
for a smooth reference, the composite controller consisting



of the feedback controller (12) and the PI-DO (30)—(31) is
able to achieve a good tracking performance under model
uncertainty. In the case of a step input with a constant set-
point, the PI-disturbance observer (30)—(31) can be considered
as an exact representation of the disturbance observer (16).
However, in the case of a step input with a variable set-point,
the PI-disturbance observer (30)—(31) can no longer represent
the transient performance of the disturbance observer (25).
More specifically, in the case of a step input, the disturbance
observer (28) can be rewritten as

b=—lKe—lg,; + 1y + B
=—IKe+ly+I1Bu

(32)

where Yrer = [ idref ‘lgref ]T is the reference and ey =
0. Now, integrating (32) gives

t
5:—lK/e(T)dT—Hy—ly(O)+3(0)+ua (33)
0

which can be rewritten as

t
IA):flK/e(T)deleJrl_)Jrua (34)
0
The term b is expressed as
b=lyrer — 1y (0)+b(0) =1e(0) +b(0) +v  (35)
where
Y= lyref - lyref (O) (36)
Invoking (31), it follows that
b=1>b(0)+~ 37)

The proposed PI-DO can be implemented using the block
diagram shown in Fig. 3.
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Fig. 3. Block diagram of the composite controller using the PI-DO. Here,
THIM, dg, 5.0}, and w54t are as defined in Fig. 2. Note that the PI-
DO (30)—(31) corresponds to the case of v = 0.

Clearly, the only difference between the disturbance ob-
servers (30)—(31) and (34)—(37) lies in the introduction of an
additional term ~ for the case of a step input. Specifically, the
additional term ~y represents the reference jump which can also
be viewed as a transient disturbance. Therefore, neglecting this
term for the case of a step input will make the disturbance
observer deal with the sudden step change in the reference
as a disturbance input. Thereby, the disturbance observer will
eventually produce inaccurate transient estimation in attempt
to compensate for the step change in the reference. This ex-
plains why, the disturbance observer (30)—(31) cannot produce

the transient behavior of the DOBC (25) particularly after
a sudden change in the set-point. However, the introduction
of ~ allows canceling the effect of the reference jump on the
transient performance of the disturbance observer, making the
output of the observer insensible to the step change in the
reference.

IV. CLOSED-LOOP STABILITY AND Pl CURRENT
CONTROLLER

A. Closed-Loop Stability

Substituting the controller (12) into the system model (1)
gives

1 1
éq = —Kgeq + —epg; €q = —Kyeq + —epyq (38)
Lg L,
From (22) and (38), it can be verified that
ée| | -K B e O2x1
o)Ll mLA ] e
The matrix Bl is given by
lg 1
Bl = diag{ =, -~ 40
iag{ 7% 7} (40)

Considering (29) and (40), the eigenvalues of the closed-loop
system (39) are 01.4 = —{Kg4, Kq,1lqa/Lq,lq/Lq}. As all the
eigenvalues are negative, then, under b= 0, the closed-loop
system (39) has a globally exponentially stable equilibrium
point at e = 0 and e, = 0. Thereby, following the Lemma
4.6 in [25], the closed-loop system is input-to-state stable with
respect to the disturbance input b. In other words, the errors e
and e are bounded for any bounded b and the bounds on e
and ey, are proportional to b. This implies that the steady-state
error converges to zero, provided that tl_lglo b=0.

B. Decoupled Pl Current controller

The decoupled PI current controller, under a step input, can
be obtained by substituting (34)—(37) into (13), yielding

t
ud:Pded+Nd/ ed(T)dT—FDd—uad—Bd 41
0
and
t —
uq = Pyeg + Nq/ eq (T)dT + Dy — Ugq — by (42)
0

The gains of the PI controller are determined as

Pd,q = Ld,qu,q + ld,q§ Nd,q = ld,qu,q (43)

The components of the anti-windup compensator u, are given
by
Lq Jo

The decoupling terms Dgy(x) and D, () are expressed as

t
Uq (T)dT;  Ugq = [l/—q/ Uq (T)dr  (44)
aJo

Dy = Rig— Lypw,iq; Dy = Rig+ Lapwyiq+ ¢ppw, (45)

From (31) and (36)—(37), it follows that

{ éd =leq (0) + lg (idref — ldref (0))

X ; 46
bq = leq (0) + lq (quef — lgref (0)) ( )



The resulting PI current controller can be practically imple-
mented using the block diagram shown in Fig. 4.
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Fig. 4. Block diagram of the proposed Pl current controller for the
PMSG-based WECS. For the system under study, the current is always
nullatt =0, i.e., i,(0) = 0. Therefore, from (46), e, (0) = ipper(0) —
by = liyref-

Remark 1: The term ~ in (36) is derived based on the
assumption that the current reference is represented by step
commands, i.e, ¥rey = 0. However, in the case of a smooth
reference, the term -~ will not appear in (37) which implies
that v will be removed from the PI current controller. In
such a case, the tracking problem can be solved by using the
composite controller, consisting of the control law (12) and
the PI-DO (30)—(31), with e(0) = 0. This makes the time
derivative of the reference arise naturally in the resulting PI
controller. More specifically, in the case of a filtered reference,
the terms b, and l_)q in (41)—(42) are replaced by Ldidwf
and quqre f» respectively. In other words, for a smooth
reference, the term b,, in Fig. 4 will be replaced by —L ane -
Remark 2: The use of the time derivative of the reference
allows the resulting PI controller to achieve a good tracking
performance if the control objective is to track a smooth
reference. However, the time derivative of the reference may
magnify the measurement noises if the current reference is
provided by an outer block that uses the actual measurement
to determine the current command. Examples of these blocks
include MPPT algorithm and outer voltage loop to regulate
the DC-link voltage in cascade control scheme. The proposed
PI controller (41)—(42) can also achieve a good track of a
smooth reference command even though it is designed for
step reference commands. Therefore, the proposed decoupled
PI current controller can be extended to the case of cascade
control schemes with a view to prevent magnification of the
measurement noises.

V. EXPERIMENTAL RESULTS
A. Laboratory Setup

The laboratory setup was composed of a 22-pole, 5 kW
PMSG that fed a 5 kW, 3¢ six-pulse IGBT inverter. The
output of the inverter was connected to the input terminals
of a 5 kW, 3¢, six-pulse IGBT-based controlled rectifier via a
DC-Link capacitor as shown in the Fig. 5. The output terminals
of the IGBT-based controlled rectifier were connected to the
secondary side of a 16 kVA, 3¢, 50 Hz auto-transformer
through an L filter. Furthermore, a 22-pole, 6 kW PMSM

was used as wind turbine emulator to drive the PMSG at
the desired speed. The stator windings of the PMSM were
supplied through a 5 kW, 3¢ industrial drive that was fed
directly from the secondary of the auto-transformer. Real-
implementation of the proposed controller was facilitated by a
dSPACE MicroLabBox (DS1102). The rotor position 6,. and
the 3¢ stator currents were measured and fed to DS1102 board.
The parameters of the PMSG are given in the appendix.

PMSM PMSG Controller

Fig. 5. Laboratory setup for PMSG-based wind turbine.

B. Experimental Conditions

Following (11), the controller gains K; and K, can be
selected based on the performance specification of the settling
time ¢, defined as ¢, = 4K 1 . Thus, selecting K4, = 1000
implies that the dg-axis current takes about 4 ms to reach its
reference with zero steady-state error. The observer gains I
and [, should be selected as large as feasible to recover the
nominal transient performance of the state feedback controller
despite the presence of modeling errors. In real-time imple-
mentation, high observer gain may amplify the measurement
noises, leading to poor steady-state performances. Therefore,
the observer gains should be carefully selected to avoid the
magnification of the measurement noises. In this work, [
and [, are set to 30 and 40, respectively. The control scheme
of the GSC consists of two loops; an inner-loop for controlling
the active and reactive powers and an outer-loop for adjusting
the DC-link voltage to 370 V. The controller of the GSC
is implemented as presented in [27]. The rotor speed of the
PMSG is fixed to €2, = —200 rpm, with w,. = (7/30)€2,.. The
negative sign of the rotor speed is dictated by the configuration
of the laboratory setup. Therefore, the g-axis current reference
should be positive to make the machine operate as a generator.
The sampling frequency of the controller is set to 10 kHz.
Both GSC and MSC are operated at a switching frequency
of 10 kHz. Observation of the block diagrams, depicted in
Figs. 2, 3, and 4, shows that the modulating signals d,, dp,
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Fig. 6. System’s response under the composite controller consisting of the feedback controller (13) and the PI-DO (34)—(37). The controller was

tested experimentally using the block diagram of Fig. 3. Specifically, the PI-DO (34)—(37) was evaluated with and without the consideration of the
reference jump ~.
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Fig. 7. System’s response under the composite controller consisting of the feedback controller (13) and the DOBC (25). The controller was tested
experimentally using the block diagram depicted in Fig. 2.

and d,. are generated using the third harmonic injection PWM  C. Performance Evaluation of the PI-DO and the DOBC
to increase the voltage capability of the inverter. The limita- Under Nominal Parameters
tion of the modulating signal is realized through the use of

. . . . . In this test, the PMSG was controlled to generate a variable
saturation blocks to avoid over-modulation during transients. ; SG g

power at a fixed rotor speed of 2, = —200 rpm. Toward



this end, the d-axis current reference was set to 0 while
the g-axis current reference was initiated at 8 A, steeped
up to 16 A at ¢ = 12 ms, and steeped down to 4 A
at t = 24 ms. From the parameters of the machine, the g-axis
current reference corresponded to step changes in the delivered
power as Py : 0 — 1.67 — 3.35 — 0.83 kW. The controller
was implemented using the nominal parameters that were
identified in the laboratory. The results in Fig. 6(a)—(d) show
that the step changes in the current reference clearly affect
the output of the PI-DO in both cases, i.e., with and without
the reference jump ~. However, it is clear that the magnitude
of the disturbance estimation, during transients, is relatively
very large when the reference jump is not included in the PI-
DO. This is because the PI-DO treats the current reference
jump as a transient disturbance that should be estimated.
Thus, introducing the reference jump in the PI-DO allows
to attenuate the effect of the sudden jump in the reference
and to improve the accuracy of the PI-DO. As could be seen
in Fig. 6(c), the transient behavior of the proposed PI-DO
is still sensible to the step changes in the current command
even though no disturbance is applied to the system. From
the theoretical standpoint, the output of the proposed PI-DO
should remain unchanged after a sudden jump in the reference
if no disturbance is applied to the system. However, in practice,
transient disturbances are inevitable at the time of application
of a step change in the reference due to many factors, including
time-delay, model parameter uncertainties associated with the
identification process, and the transient variation of the rotor
speed caused by the abrupt increase/decrease in the power
command. This explains why the proposed PI-DO produces
such a transient behavior following the step changes in the
current reference. Fig. 6(a) shows that the g-axis current
closely tracks the ’'Target’ specified by the state-feedback
control law under nominal conditions, particularly when the
control does not saturate. This evidences the ability of the
proposed PI-DO to retain the nominal transient performance
specified under feedback linearizing control. During control
saturation, Figs. 6(a) and 6(e) show that the anti-windup
scheme performed very well, as no overshoot was observed
despite the saturation of the controller in response to the step
decrease in the current reference.

Another test was conducted to show the equivalency between
the DOBC (25) and its simplified version (34)—(37). The ex-
perimental results in Figs. 6(c) and 7(b) demonstrate the ability
of the proposed PI-DO to accurately represent the DOBC in
both transient and steady-state regimes, which confirms the
efficacy of the design methodology.

D. Comparison Between the Proposed Pl Controller and
a Conventional Pl Controller Under Nominal parameters

In this test, a conventional PI current controller was im-
plemented as presented in [17] together with an anti-windup
method. The d-axis current reference was kept equal zero,
and the g-axis current reference was changed as i4pep : 0 —
4 — 8 — 16 A. Following [17], the coefficients P, and NN,
of the conventional PI controller were determined as L,w..
and Rw,., respectively. w,. is the bandwidth of the closed-
loop system, and it should be selected to correspond to the

desired settling time. Specifically, by considering the effective
back-EMF, the reference-to-output transfer function reduces
to a first-order system whose expression is given by (49) in
the Appendix. As in [17], the gain of the anti-windup scheme
was selected as R/L,. To perform a fair comparison, both
PI controllers should be tuned to have the same closed-loop
transfer function, meaning that w.. should be selected equal
to the control gain Ky, = 1000. In this test, the conventional
PI controller was tested using three values of w,.; 1000, 1200
and 3000 rad/s. Fig. 8 shows the current response under w,,
equal to 1200 and 3000 rad/s, where ’Target’ represents
the response of the nominal closed-loop system under the
conventional PI controller. As shown in Fig. 8(a), when tuned
with w.. = 1200, the conventional PI controller is able to
provide an acceptable transient behavior, but the closed-loop
settling time is much larger than the nominal one which is
about 4wc_cl. The results with w.. = 1000 were not plotted,
because it is clear that it results in larger settling time. Fig. 8(b)
shows that increasing w.. reduces the closed-loop settling
time, but this particular design results in serious degradation
of the transient response by causing a large overshoot. In
conclusion, compared with the proposed PI controller, the
conventional PI current controller cannot retain the transient
response of the nominal closed-loop system governed by (49).
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Fig. 8. System’s response under a conventional Pl current con-
troller [17].

E. Performance Evaluation of the Proposed PI-DO Under
Model Uncertainty

This test aimed to demonstrate the ability of the proposed
PI-DO to guarantee the nominal transient performance in



response to step changes in the current command, particu-
larly when the model parameters were incorrectly set in the
controller. Toward this end, the values of R, Lg4, and ¢,
were chosen equal to 50%, 50%, and 80% of their nominal
values, respectively. Here, the measured currents, the duty-
cycle, and the disturbance estimation were displayed using
a Tektronix digital phosphor oscilloscope. Fig. 9(a)-(b) con-
firmed the ability of the proposed controller to reshape the
nominal transient performance in spite of the modeling errors.
Fig. 9(b) shows how the disturbance estimation behaves to
cancel out the model parameter uncertainty, while Fig. 9(c)
gives the modulating signals computed with the use of the
third harmonic injection method.
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Fig. 9. Performance evaluation of the proposed PI-DO under model
uncertainty.

F. Performance Evaluation under Wind Speed Variations:

MPPT Operation

The objective of this experiment was to investigate the
effectiveness of the proposed PI curent controller (41)—(46)
under variable wind speed conditions. In particular, this test
was performed under rotor speed variations to emulate wind

speed variation. The resulting PI current controller was ex-
perimentally tested using the block diagram shown in Fig. 4.
For a given wind speed w, (m/s), the maximum power can
be extracted from the wind by regulating the rotor speed
at Wyref = NWsAopt/ Ry [28], where, n and R, are the gear
ratio and the rotor plane radius (m), respectively. A is the tip
speed ratio (TSR) of the blade, and its optimal value A, is
selected to correspond to the maximum value Clp,q, of the
power coefficient curve C), of the emulated wind turbine [8].
In this experiment, a PMSM drive, representing the wind
turbine emulator, is used to regulate the rotor speed of the
PMSG at a desired level. Therefore, no outer loop is required
to regulate the rotor speed of the PMSG. Nonetheless, the
g-axis current reference i4..y can be calculated based on
the optimal torque 7., with the aim of achieving MPPT
operation. Following [8], the optimal torque can be expressed
as Tgopt = Koptwfre Iz where the constant K,,; depends on
the characteristic of the wind turbine and is given in the
Appendix A. The optimal reference for the g-axis current can
be computed by substituting the expression of the optimal
torque T,y into (6) as presented in the Appendix A.
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Fig. 10. Experimental results: Performance testing of the proposed PI
current controller under MPPT algorithm, with ¢4 (2 A/div), iq (4 A/div),
iq (10 A/div), ws (5 [m/s]/div), iga (6 A/div), - (50 [rpm/min]/div), and
time (400 ms/div)



Fig. 10 shows the current response to step changes in wind
speed. The profile of the wind speed is realized as ws : 8 —
11 — 15 — 12 m/s, where the duration of each step is
set to 1 s. As can be seen in Fig. 10(a), the rotor speed of
the PMSG is well controlled, and the transient tracking error
between the rotor speed and its set-point can be explained by
the limited dynamics of the PMSM drive. The experimental
results, shown in Fig. 10(b), demonstrate the ability of the
proposed PI current controller to acheive good transient and
steady-state performances. Fig. 10 also presents the waveforms
of the grid current and the current flowing through the stator
winding of the PMSG.

VI. CONCLUSION

This paper has presented a novel design of decoupled PI
controller to enhance the transient performance for the current
control of PMSG-based wind turbine. The proposed controller
technique was established by combining a DOBC with feed-
back linearizing control law. It turns out that the composite
controller has a decoupled PI-like structure plus two additional
parts. The first part is basically an anti-windup compensator,
while the second part uses the reference jump information to
cancels out the effect of the sudden step changes in the power
demand on the transient response. This modification of the
decoupled PI controller permits to guarantee zero steady-state
error without sacrificing the nominal transient performance
specified by the state feedback controller. This salient feature
cannot be achieved under the existing decoupled PI controller,
particularly when the model parameters are not accurate.
Experimental tests have been performed, and the results sup-
port the use of the reference jump information to improve
the transient performance under the decoupled PI controller.
Therefore, the proposed approach provides practitioners with
an alternate method in designing a robust decoupled PI current
controller for PMSG-based wind energy conversion system.

APPENDIX A
DERIVATION OF THE Q-AXIS CURRENT REFERENCE
UNDER MPPT ALGORITHM

Following [8], [28], the constant K, is given by

R\’
n>\opt

where, p is the air density (kg/m?). The optimal reference for
the g-axis current can be determined by setting ¢q = 0 into (6),
yielding

T R2
K()pt = prCp max ( (47)

. 2 )

lgref = 310(251; KOthrref (48)
APPENDIX B

PARAMETERS OF THE SYSTEM

The Parameters values of the 5 kW PMSM are R = 0.84 €2,
Ly = 126 mH, L, = 21.8 mH, ¢, = 0.609 Wb,
J = 1.6554 Kgmz, B = 0.0594 Nm.s/rad, and p = 11,
vge = 370 V, where J is the moment of inertia and B is
the coefficient of friction.

The power coefficient curve C), is chosen as presented in [8],
with Agpr = 6.36 and Cpyqe = 0.4382. The numerical values
of Ry, and n are set to 1.2 m and 1/3.38, respectively.

APPENDIX C
Pl CURRENT CONTROLLER

The reference-to-output transfer function under the conven-
tional PI current controller is defined as

In(s) Wee
= ; = {d, 49
T (5)  5tw " {d. q} (49)
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