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Abstract: The electromagnetic frequency regulator (EFR) device has proven to be an attractive
solution for driving grid-connected electrical generators in distributed generation (DG) systems
based on renewable energy sources (RES). However, the dynamic characteristic of the EFR has not
yet been discussed for cases where its parameters vary from the nominal values. To evaluate this
issue, this paper proposes a method for transient and steady-state performance analysis applied
to the EFR device considering parametric variations. To perform this analysis, a dynamic model
of the EFR device is derived, and its dynamic characteristics are discussed. Based on this model,
the system’s controller gains are designed by using the root-locus method (RLM) to obtain the
desired dynamic performance. Then, a sensitivity analysis of the closed-loop poles under the
effect of parameters variation is performed. In addition, the paper also presents an analysis of the
EFR-based system operating with the designed controllers. The proposed theoretical analysis is
assessed using simulation and experimental results. The simulation program was developed using a
Matlab/Simulink platform, while the experimental results were obtained through a laboratory setup
emulating the EFR-based system.

Keywords: electromagnetic frequency regulator; distributed generation; renewable energy sources;
root-locus method; performance analysis

1. Introduction

The increased penetration level of DG systems provides greater robustness and opera-
tional reliability in modern electrical networks. In addition, RES-based DG systems reduce
environmental impact and ties into global concern with sustainability [1]. In this scenario,
the implementation of wind and photovoltaic systems has become increasingly common
in modern energy systems [2]. The electricity generated through these energy sources has
grown sharply in recent years, with an emphasis on wind generation, which has presented
faster growth than other emerging RES [3]. However, RES-based generation still presents
several challenges related to intermittency of power, stability and power quality issues [4].
Thus, the development of new technologies to improve the reliability and efficiency of
these generation systems has been the objective of many researchers worldwide.

One of the most important wind generation system stages is speed multiplication that
suits the angular speeds of both the slow-rotating shaft and the fast-rotating shaft. This
functionality is performed by gearboxes [5] that are intently studied and improved [6-8] but
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still remain a source of reliability problem to wind systems due to their high maintenance
cost [9] and reduced lifespan [10]. In addition, RES-based generation systems are usually
connected to the grid through power converters, which can contribute to the increase of
harmonic components in the voltages and currents generated. In order to overcome these
problems, the use of an electromagnetic frequency regulator (EFR) to drive grid-connect
electrical generators was proposed in the literature [11-16]. The EFR device consists of
a modified induction machine, whose conventional armature mass can rotate, powered
by a wind turbine or any other system that can impose a mechanical torque on its axis,
as illustrated in Figure 1. In addition, the EFR device has a squirrel-cage rotor, which can
be coupled to an electrical generator. Thus, the main function of the EFR is to convert a
variable turbine speed imposed on the armature axis (wg,) and provide a desired speed to
the rotor axis (wy;) through a suitable control strategy. In addition, the EFR device enables
mechanical decoupling between the wind turbine and the grid-connected generator.

Armature

Collector
Rings

Power
Converter

L&

Figure 1. EFR’s construction characteristics.

As seen in Figure 1, the EFR’s armature windings are connected to the output of a
three-phase power converter through collector rings, which allows implementation of a
system control strategy. EFR-based systems prevent electronic power devices from being
connected directly to the power grid. In addition, the EFR device also makes it possible
to implement a hybrid distributed generation system, since a secondary source such as a
solar energy source and/or an energy storage system can be connected to the DC bus of
the power converter as depicted in Figure 1, which allows power-sharing in the system.

In [11-13], an EFR device was employed in the driving of a synchronous generator
connected to the power grid. The authors proposed replacing the wind system gearbox
with the EFR device in order to increase reliability and efficiency. The EFR’s dynamic
behavior was described by a similar mathematical model to applied for a conventional
induction machine, and a field orientation control strategy was implemented to regulate
rotor speed and flux as well as armature currents using PI controllers. However, the
results obtained demonstrate the adequate operational behavior of the EFR only for a small
range of armature speeds. In addition, the controllers’ design can contribute to the system
achieving the desired dynamic response in cases of abrupt speed and load variations,
however, it was not discussed in this work. Subsequently, in [14], the EFR was employed in
the driving of a squirrel-cage induction generator (SCIG) connected to the grid. In this work,
the conjugate corresponding to the maximum wind power extraction was used to define
the reference value of the EFR’s rotor speed control loop. The EFR’s dynamic behavior was
described by a more realistic dynamic modeling in which the armature mechanical speed
influences on all equations of the model. Once again, a field orientation control strategy
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was applied to EFR using PI controllers. The EFR-based system showed a satisfactory
performance for large variations in wind speed. In addition, because the converter has no
connection to the grid, this topology proved to be more effective in riding through a severe
short-circuit at the induction generator terminals compared to a doubly-fed induction
generator (DFIG) topology. The power quality issues are essential for the integration of
distributed energy resources to the grid. However, they were not adequately discussed in
this work. Further, the control gain adjustment method was also not presented.

In [15], the proposal was to perform a power-quality analysis applied to the topology
proposed in [14]. The analysis was based on the steady-state harmonic model of the EFR-
driven generation system developed in the stationary frame. Based on this model, a study
of the harmonic disturbances in the electrical and mechanical variables due to the PWM
converter of the EFR’s armature voltage was performed. The authors conclude that the
EFR-based system has more efficient power-quality performance compared to conventional
wind generation topologies such as DFIG and permanent magnetic synchronous generator
(PMSG), since the high-frequency components due to converter switching are naturally
attenuated by the inherent inertia of the mechanical system. However, the controller’s
design was again not presented in this work. Consequently, a design method is still
needed to adjust controller gains to achieve desired dynamic performance in EFR-based
systems. Thus, a controller design method based on a detailed modeling of the EFR device
is proposed in [16]. The controllers” design considered desired specifications for transient
response using RLM. In addition, the closed-loop poles behavior for EFR’s impedance and
inertia moments parameters variations was evaluated. The system’s controllers presented
the desired performance with the proposed design method. However, the system dynamic
analysis was performed without considering large parametric variations, which can result
in degradation of the system controllers” dynamic performance.

A dynamic analysis assuming large parametric variations can contribute to the suitable
design of system controllers. Therefore, this paper proposes a complete performance
analysis applied to EFR-based systems. This analysis is based on a mathematical model
considering the EFR’s dynamic characteristics and the dynamic response specifications for
system controllers. Thus, the EFR’s control parameters can be designed accurately in order
to achieve the desired dynamic response and minimize performance degradation resulting
from variations in system parameters. In addition, the proposed analysis contributes to
the implementation of more robust control strategies with regard to perturbations since
knowledge of the effect of parameter uncertainty can contribute to the adjustment of control
gain. Simulation and experimental results verify the proposed performance analysis. This
paper is organized as follows: Section 2 presents the system description and control strategy.
Dynamic modeling of the EFR device is presented in detail in Section 3. System dynamic
analysis is presented in Section 4. Controller design and sensitivity analysis are presented
in Sections 5 and 6, respectively. Simulation and experimental results for the controller
performance analysis are presented in Section 7, while Section 8 concludes this paper.

2. System Description and Control Strategy

Figure 2 shows the topology and control scheme of the wind systems employed in this
study. A wind turbine is mechanically coupled to the EFR’s armature axis using a gearbox
(GB), since its speed is significantly lower than the rotating field speed needed to generate
voltage at the grid frequency. A three-phase voltage-source converter (VSC) is employed to
regulate the EFR’s armature current and provide a desired angular speed to the synchronous
generator (SG) rotor despite the variable angular speed of the wind turbine. Due to the
rotational motion of the EFR’s armature axis, collector rings are employed to connect
the VSC to the armature windings terminals. The primary source of the EFR-connected
converter (i.e., photovoltaic system with energy storage) is emulated by a DC voltage
source. The SG stator windings are connected to the point of common coupling (PCC)
through a three-phase transformer to adjust the generated voltage values to the power grid
voltages. An ideal three-phase voltage source represents the power grid interconnected to
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the PCC through an equivalent grid impedance composed of series-connected inductor Lg
and resistor R,.

Power Grid
Lg Rg vgabcE

=
&

[HPWM |

Sabe

Figure 2. Topology of the wind system with EFR and its control strategy.

As shown in Figure 2, the rotor flux field orientation control strategy implemented in
this work consists of an outer control loop that regulates the EFR’s rotor flux and speed in
cascade with an inner control loop to the EFR’s armature currents. In this control strategy,
the system’s dynamic performance is assessed by tuning standard PI controllers. The
orthogonal transformations from the abc natural reference frame to the dg field-oriented
reference frame employ the phase-angle 6}, provided by a flux estimator, which also deter-
mines the EFR rotor flux instantaneous value for feedback in the flux loop. In this work, the
reference value wy,, can be determined according to the maximum power-point tracking
(MPPT) operation of the wind turbine as discussed in [14]. The flux controller output
determines the reference value i:d for d-axis armature current control, while the reference
value ig, used in g-axis armature current control is adjusted by the speed controller output.
The reference voltages ey, determined by the inner loop is applied via the hybrid pulse
width modulation (HPWM) technique [17], which determines the drive signals of power
converter S; ~ Sg.

3. EFR Slip and Dynamic Modeling
3.1. EFR Slip

As mentioned earlier, the EFR device consists of an induction machine with a squirrel-
cage rotor and a rotating armature. In this case, the armature windings current produces
a rotating field with an absolute angular speed ws;; in mechanical radians per second
given by:

Wsm = Wam + Piwiz 1
efr
where w,;; and w; represent the EFR’s armature angular speed imposed by the wind turbine
and the angular frequency of the current in the EFR’s armature windings, respectively. The
P, term represents the EFR poles number. Thus, when the rotor is rotating with a constant
speed w;; in mechanical radians per second, the relative speed per unit or slip between
the rotor and the armature rotating field is defined as:

Sefr = = - YL ] . (2)
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On the other hand, the induced voltages in the rotor windings due to the armature
rotating field have an angular frequency equal to the slip speed in mechanical radians per
second given by:

2
SefrWsm = Sefr (wum + P“h’)- 3)
efr

Since the rotor windings are short-circuited, the induced voltages will cause currents
to flow in the rotor circuit with an amplitude proportional to the induced voltage amplitude
and rotor-windings impedance at the slip frequency. Similar to armature currents, rotor
currents will establish their rotating field with speed s, FrWsm relative to the rotor. Since
the rotor itself is rotating with speed w;;, the absolute speed of the rotor rotating field is
defined as:
Wsm — Wrm

Wrm + SWsm = Wrm + <
Wsm

>wsm = Wsm- 4

According to (4), the rotating fields related to the EFR’s armature and rotor rotate with
the same absolute speed, which is similar to conventional induction machines.

3.2. EFR Dynamic Modeling

Figure 3 shows the armature and rotor abc variables in a natural reference frame and
dq variables in an arbitrary reference frame. Ls; and L, represent the self-inductances of the
armature and rotor windings, respectively, which also have intrinsic resistances equal to R
and R,.

Figure 3. Relationship between abc and dq variables.

According to Figure 3, 0 represents the angular difference between the d-axis of the
arbitrary reference frame and the a-axis of the armature windings, which is expressed as:

ezzﬂw—%mn )

where w represents the rotation speed of the arbitrary d-axis, while w, represents the
armature rotating speed in electrical radians per second.

On the other hand, 0 is the angular difference between the a-axes of the armature and
rotor windings, which is given by:

@:K@wwma ©)

in which w; represents the rotor’s rotational speed in electrical radians per second. The 6
and 0, angles described in (5) and (6) are used to obtain the armature and rotor dg variables.
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Considering the EFR device a symmetrical induction machine, without magnetic
saturation and with flux sinusoidal distribution, and then applying Kirchhoff’s voltage law
to the three-phase circuit composed by the armature and rotor windings, it is possible to
obtain its characteristic equations given by:

—e e d?\i ; 3e
;. = Rsis + pr +j(w — wq)AE, ?)
o dAS -
0= R + dtr +j(w — wy)Ay, 8)
in which 3
7\2 - (Ls - Lsm)?s + ELsr?;r (9)
Te %, 3. %
AS = (Ly — Lym)is + ELsrzs, (10)

represent the armature and rotor dg flux linkages, respectively. The superscript ¢ denotes
the arbitrary dq reference frame, while any variable ¥ in these equations represents vectors
expressed as:

=1

- é(xd + jxg)- (1)

The Lsy;, and Ly, terms represent the mutual inductance between two windings in
the armature and the mutual inductance between two windings in the rotor, respectively,
while L, is mutual inductance between the stator and rotor windings. The electromagnetic
conjugate of the EFR device can be computed as:

3PLgy (= =
Tom = — il (zﬁ X 15), (12)

where the x operator represents the vector product between % and i current vectors.
The mechanical motion related to the EFR’s armature can be described by the swing
equation given by:
Adwam

Tam — Tem = ]aT +famwam/ (13)

in which J, is the total inertia of the wind turbine coupled to the rotating armature on the
high-speed side of the gearbox and f,, is the armature friction factor. The swing equation
for the EFR rotor’s mechanical motion is given by:

Temn — Trm = ]rdc;)% +frmwrm/ (14)
where J; is the sum of the inertia of the EFR rotor with the SG rotor, and f;, is the rotor
friction factor. The T, term represents the wind turbine mechanical conjugate at the
high-speed side of the gearbox, while T}, represents the mechanical conjugate applied to
the EFR rotor.

The referential frame for the dg quantities in (7)—(12) is chosen according to the con-
trol technique implemented. For the rotor-flux-field-orientation method employed in
this work, the arbitrary d-axis is aligned with the rotor-flux-vector axis, which results in
decoupling between the flux and conjugate loops [18,19]. Thus, considering the rotor-flux-
field-orientation reference frame, it is possible to obtain the transfer functions which will
be used in the design and performance analysis of the system controllers.



Energies 2022, 15, 2873

7 of 27

3.2.1. Armature Current Model

The mathematical model employed to evaluate the dynamic behavior of EFR’s arma-
ture current can be obtained from (7)—(10), which results in the equations:

di®
e e digq e
Usq = Rerigg + Ty + g (16)
in which
) 1.5L 15LsR
r — Lrm

1.5Lg R
ﬁ)@(t), (18)
T rm

represents disturbances to be compensated for at the current-controller output as illustrated
in Figure 2. The ¢ and R, terms are constants given by:

(1) = (= @)ty () + (wr = n) (2 a5y () -

1.5Ls, \?2
- R, [ =2 19
Ro =R+ Re( o) (19)
2.2512
= Lo — Lgy — 22081 20
(o Ls sm L —L., ( )

Assuming the rotor-flux-field-orientation reference frame defined by /\’r’d = A, /'\fq =0
and w = wy, [18], (15) and (16) can be rewritten as:

, dit
o', = Ry, + o dstd +eb, (21)
b b igq b
Usg = Rsrlsq + Uﬁ + €sqr (22)
in which 151 R
b . OLgriy
o = —(wp — wy)0ig, — ————= Ay, (23)
’ Ly —Lem)®
. 1.5L
eé’q = (wp — Wa) iy + (wWr — wy) <L,—Ls:,ﬂ>/\r' (24)

The superscript b denotes the rotor-flux-field-orientation reference frame. Assuming
Ué’; = US 1 eé’ ; and vé’; = vé’q - eé’q, and then applying Laplace transformation in (21) and (22),

it is possible to obtain a transfer function defined as:

b
Gi(s) _ Isdq(s) _ 1 . (25)
Vsbdq(s) s+ R,

The transfer function given in (25) describes the dynamic relationship between the
armature current and voltage in the rotor-flux-field-orientation reference frame.

3.2.2. Rotor Flux Model

Similarly, the model employed to evaluate the dynamic behavior of EFR’s rotor flux
can also be obtained from (7)-(10), which results in the expression given by:

1.5Lg, . 1 aAf
st ng _ ;Aed + rd

;- — (w —wr)Az, (26)
r
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in which
L7 - er

T =
r R,

(27)
Assuming the rotor-flux-field-orientation reference frame, i.e., /\fd = A, /'\fq =0and
w = wy, (26) can be rewritten as:

15Ly ,
T, fsd = Tr}\r+ dt

(28)

Applying Laplace transformation in (28), it is possible to obtain the transfer function,

defined as: A 5L
Gy, (s) = Brt8) _ 1Ly (29)

12.(s) T s+ 17

which correlates the d-axis armature current with the rotor flux.

3.2.3. Rotor Speed Model

From (10) and (12), the electromagnetic conjugate can be expressed as follows:

1.5L
Ty = P sr (

e ce e e
efrm rdlsq — rtﬂsd)f (30)

in which adopting the rotor-flux-field-orientation reference frame results in the follow-
ing expression:

1.5Lq, 1.,

Tom = Pofy - Arily = E)\risq, (31)
in which (Lo — L)
r — Lrm

— Aor — mrm) 32

p 1.5P,f, L (32)

Since the d-axis armature current is directly related to the rotor flux and the g-axis
armature current is directly related to the electromagnetic conjugate as expressed in (28)
and (31), respectively, it is possible to obtain decoupling between the flux and conjugate
control loops of the EFR device.

From (14), it is possible to obtain a dynamic relationship between the electromagnetic
conjugate and the rotor speed. Thus, substituting (31) in (14), and assuming the mechanical
conjugate Ty, as a disturbance to the control action, results in the following expression:

Ar b _ dw;fm
isg = Jr—g,

Bl
Considering rotor flux magnitude constant, i.e.,, A, = A,;, and then applying the
Laplace transformation in (33), it is possible obtain the following transfer function:

+ frmWrm. (33)

- Qrm(s) o Arn
Gur(s) = 15, (s) ~ BUrs+ frm)’ G4

in which A;, represents the EFR’s rated rotor flux.
The model given in (34) describes the dynamic relationship between rotor speed and
g-axis armature current, which in turn is directly related to the electromagnetic conjugate.

4. EFR’s Dynamic Analysis

The dynamic analysis implements the current, flux and speed models obtained in
the previous section in order to obtain the dynamic behavior of the EFR device under
parametric variations. This analysis employs the parameters listed in Table 1.
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Table 1. EFR’s parameters.

Parameter Value
Poles number (P,f,) 2
Armature inductance (L;) 242 mH
Rotor inductance (L;) 242 mH
Armature resistance (Rg) 5.795 Q)
. Rotor resistance (R;) 5.795 O
EFR device Armature mutual inductance (L) 121 mH
Rotor mutual inductance (L;,) 121 mH
Armature-to-rotor inductance (Lg;) 265 mH
Rotor inertia moment (J;) 0.02 1<g~m2
Rotor friction factor (fy) 0.003 N-m/rad-s~}

4.1. Transient Response Analysis
4.1.1. Current Transient Response

Since the transfer function given in (25) is a first-order system, the armature current
transient response can be evaluated by specifying settling time (T;y9,), defined as [20]:

4 4o
Tspop = ~

p = Rfsr’ (35)

where a = Ry, /0 represents the open-loop system pole. According to (35), the settling time
value depends on the armature and rotor windings impedance of the EFR.

Figure 4 shows the settling time assuming variations in the inductance and resistance
of the EFR armature. In this case, armature inductance and resistance were increased with
an increment rate of 20% around their values defined in Table 1. According to Figure 4a,
when L armature inductance increases from 260 to 480 mH, the settling time increases from
15 to 95 ms, approximately, which represents a degradation to armature current transient
performance. On the other hand, according to Figure 4b, when R armature resistance
increases from 5.6 to 10.4 (), the settling time decreases from 140 to 35 ms, approximately,
which may represent an improvement on the transient performance. Therefore, armature
current transient behavior is influenced by EFR’s parameters.

0.11 : : : 0.17
5 00 [® Setting time, 7] & 014 Setling time, T,
2 ®
g 007 £ o1
& 0.0 2 0.08
B 0.03 2 005

0.01 0.02

250 300 350 400 450 500 55 65 75 85 95 105
Ls (mH) (@)
(@) (b)

Figure 4. Settling time for variations in the (a) Ls armature inductance (b) Rs armature resistance.

4.1.2. Flux Transient Response

According to the rotor flux field orientation method, the rotor flux loop is nested to
the d-axis armature current loop. Thus, from (25) and (29), it is possible to obtain a direct
relationship between rotor flux and d-axis armature voltage expressed by the following
transfer functions:

A (S) 1.5L¢
Grils) = Ga, (5)Gils) = ) — . (36)
’ UTVED Ty (Rt 1 B

T o
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The model described by (36) represents a second-order system in which pole locations
vary as a function of the armature and rotor impedance parameters of the EFR. Thus,
by matching the dynamic model G,;(s) to the typical second-order transfer function,
natural frequency (w,;) and the damping ratio (¢,;) related to this model can be calculated

as follows:
Rgr
= 7
Wj TrO', (3 )

= TRy + 0
Al 2+/T,0Rs

In this case, the system parameters’ influence on EFR rotor flux transient response
can be evaluated by specifications defined as rise time (T;9_100%), peak time (T}), percent
overshoot (%0S) and settling time (Typ9,). Their values are computed by the following
expressions [20]:

(38)

7 — cos(&ni)

Tro-100% = ;
wriy/1— S

7 — cos-1 ( TRy t0 ) (39)

24/ Tr0Rgy
\/(0' - TrRsr) (TrRsr - 0’)

=210

7

T 2T0
- B (40)
p 7
Wy \/1 - & V(@ = TR TRy — 0)
— . —&
%08 = ¢~ (B V) S 100
B [ _ Reto)w } w
0 (o=tRsr)(wrRsr—0) | 5 100,
4 80
Ts20, = = - “

Zriwri  TRa+0°

According to (39)—(42), similar to the case of the current model, the transient response
specification values for the flux model also depend on the impedance of the EFR windings.
Figure 5 shows the rise time, peak time, percent overshoot and settling time for different
armature inductance and resistance values of the EFR. According to Figure 5a,b, when L
armature inductance increases from 260 to 480 mH, the rise time, peak time and settling
time increase, approximately, from 10 to 90 ms, from 0.025 to 0.225 s and from 0.03 to
0.14 s, respectively, which can represent a degradation in transient performance. On the
other hand, percent overshoot decreases from 3% to 0.2%, approximately, which may
represent an improvement in rotor flux transient performance. According to Figure 5c,d,
when R; armature resistance increases from 5.6 to 10.4 (), the peak time and settling time
decrease, approximately, from 27 to 18 ms and from 0.31 to 0.22 s, respectively, which
may represent an improvement in rotor flux transient performance. On the other hand,
the percent overshoot and rise time increase from 2.9% to 3.25% and from 6.5 to 9.2 ms,
respectively, which can represent a degradation in transient performance. Therefore, rotor
flux transient behavior can be greatly influenced by EFR parameters.
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£ 010 140 5 § 1.6 1008 £
o & 5 5
0.05 120 % 8 o8 1005 &
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(a) (b)
32 10.0 335 0.35
A Rise time, Tjo.100 xX M Percent overshoot, %0S
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O = = =1
= 20 168 % 8 205 A
[o)
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Figure 5. Flux transient response specifications for armature winding parameter variations. (a) Rise
time and peak time for L variations. (b) Percent overshoot and settling time for L; variations. (c) Rise
time and peak time for R; variations (d) Percent overshoot and settling time for R variations.

4.1.3. Speed Transient Response

By using a similar procedure, since the rotor speed loop is nested to the g-axis armature
current loop, from (25) and (34) it is possible to obtain a transfer function that describes the
direct relationship between rotor speed and g-axis armature voltage given by:

Arn
QV(S) JroB
Gwi(s) = G(w (S)Gi(s) = 7 = ’ (43)
‘/S% (S) 52+ (]rRsr];Z—frmU)S_F frr]r:];sr

which results in a natural frequency (w,,;) and damping ratio (¢,;) related to this model
given by:

wai = 2, (44)
Eoi = M (45)

2 ]ro'frmRsr '

In this case, the transient response specifications of the EFR’s rotor speed can be
computed as follows:

7T — cos ! (Gwi)

Tr0—100% = ;
Wi \V 1- wi

T — C0571 ( JrRsr+ frmo ) (46)
2 ]r(ffrmRsr

\/(frmo' - ]rRsr)(]rRsr - frmo')

=2J,0

7

T T _ 2n].o
s wwi\/l_ i}i \/(frmU_]rRsr)(]rRsr_frmo'),

(47)
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%05 — o C™/ VI=EL) . 100

_ [ (JrRsr+frmo)m
=e

(48)
\/(frmU*]rRsr)(]rRsr*frmff):| x 100,

4 _ 8J.0
CwiWwi JrRsr +frm(7.

According to (46)—(49), the transient response specifications for the rotor speed depend
on the EFR windings impedance parameters as well as on its parameters of inertia moments
and friction factors. Figure 6 shows the behavior of these specifications assuming variations
in the inductance and resistance values of the EFR armature. According to Figure 6a,b,
when L; increases from 260 to 480 mH, the rise time, peak time and settling time increase,
approximately, from 8 to 44 ms, from 25 to 145 ms and from 30 to 195 ms, respectively, while
the percent overshoot decreases from 4.31% to 4.25%, approximately. On the other hand,
according to Figure 6¢,d, when R; increases from 5.6 to 10.4 (), the rise time, peak time and
settling time decrease from 24 to 16 ms, from 26 to 18 ms and from 33 to 23 ms, respectively,
while the percent overshoot increases from 4.309% to 4.313%, approximately. Therefore,
lower values for the Ls/ R ratio result in higher percent overshoot; however, their values
were little affected by variations in the armature parameters. On the other hand, the values
of the other transient specifications can be greatly influenced by these parameters.

Tsp9, = (49)

200 45 432 = - 260
AR N ° ercent overshoot, %508 e
_ 164 [| 4 Risetime, Tro.an {37 <4305 ® Settling time, 7,., {210 2
2 @ Peak time, 7, @ © \E/
& E 8 o
o 128 129 5 & 429 1164 2

—

£ £ 2 =
z 92 {21 5 84275 {116
o £ =
56 13 % 426 168 3

20 5 B 4245 20
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Figure 6. Speed transient response specifications for armature winding parameter variations. (a) Rise
time and peak time for L; variations. (b) Percent overshoot and settling time for L variations. (c) Rise
time and peak time for Rs variations. (d) Percent overshoot and settling time for Ry variations.

4.2. Steady-State Response Analysis

The steady-state response analysis for models describing the EFR device can be per-
formed by evaluating error specifications for unity feedback systems. For a stable closed-
loop system, these specifications can be obtained by the final value theorem [20].

4.2.1. Current Steady-State Response

Considering the model described in (25) and assuming a step input, the steady-state
error values for armature current can be defined as:

1 R
el(oo) ST

T 1+1mGi(s) Re+1’
s—0

(50)
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where the lirrol Gi(s) term represents static gains computed as:
S—

lim G;(s) !

s—0 o Rsr.

(51)

According to (50), the steady-state error value of current does not depend on the
armature inductance, since it depends only on the parameter R, described in (19). Figure 7
shows the current steady-state error values for different L, and Rs parameter values.
According to Figure 7a, the error value decreases from 0.916 to 0.888 approximately, when
L, increases from 260 to 480 mH. On the other hand, for variations to R; between 5.6 to
10.4 Q), the error value increases from 0.916 to 0.94, as shown in Figure 7b. Therefore,
variations in rotor inductance and armature resistance can modify the armature current
steady-state response.

0.925 0.945
o o)
=) £0.935
0.909 5
goom §0'930
5 5 0.925
3 3092
0.893 ] 0.920
0.885 0.915
250 300 350 400 450 500 55 65 75 85 95 105
L, (mH) Ry (Q)
(@) (b)

Figure 7. Armature current error values for (a) L, variations and (b) R variations.

4.2.2. Flux and Speed Steady-State Response

The flux and speed steady-state response can be evaluated using the models described
in (29) and (34). Thus, assuming these systems have unitary feedback and step inputs, their
steady-state error values are defined as:

~ 1 Ry
eni(®) = gy Gn(s) Ry +15Ly (52)
s—0
1 frmRsr,B
. - = , 53
eWZ(OO) 1+ lim Gwi(s) frmRsr,B + A ( )
s—0
in which
lim Gy;(s) = 15Ls (54)
s—0 Al o Ry
. _ /\711
25% Gui(s) = m (55)

Figure 8 shows the flux and speed steady-state error values for variations of L, and R;.
According to Figure 8a, for variations of L, between 260 to 480 mH, the flux error value
decreases from 0.968 to 0.956, while the speed error value increases from 0.014 to 0.016,
approximately. For variations of Rs between 5.6 to 10.4 (), the flux and speed error values
increase from 0.968 to 0.977 and 0.014 to 0.02, respectively, as shown in Figure 8b. Therefore,
similar to the current error, variations in rotor inductance and armature resistance can also
modify the steady-state response of the rotor flux and speed.
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Figure 8. Flux and speed error values for (a) L, variations and (b) Rs variations.

5. EFR Controller Design

In this section, the EFR controllers are designed by using the RLM and the parameters
described in Table 1.

5.1. Current Controller Design

The control strategy employs standard PI controllers for regulating the dg components
of the EFR armature current (see Figure 2), whose transfer function given by (25) describes
its dynamic behavior. Thus, the EFR current control has an open-loop transfer function
described as: kool 4 o)

(54 a;
Hi(s) = kpiTi(s) = (0775 (56)
where kpl- and a; represent the current PI controller gains.

Since the EFR controllers compose a multi-loop control scheme, the design require-
ments for the inner control loop are chosen so as not to affect the dynamic performance
of the outer control loop [21]. Based on this idea, a percent overshoot (%OS) less than or
equal to 5% and a settling time (Typ9,) less than or equal to 0.08 s are used in the design of
the current PI controllers. Based on these performance requirements, the minimum value
of the natural frequency (w;) and damping ratio (¢;) for the closed-loop current control are
calculated as follows [20]:

—In(%0S/100 —In(0.05
Giz—= ( 279 L 21 12 ! ~ 0.7, (57)
V72 +In2(%0S/100) /72 + In2(0.05)

4 4
CiTSZ% N 0.7 x 0.08

and correspond to the desired region for the closed-loop poles illustrated in Figure 9.
According to the RLM, the controller zero can be chosen to allow all poles of the
closed-loop system to be allocated within the desired region. In this case, this is achieved
by setting a; = 280, which results in the controller zero shown in Figure 9. Then, the k,;
gain can be calculated by the module restriction given by the following expression [20]:

w; > ~ 7143 rad/s, (58)

1
T TGl )
The s; term represents the desired closed-loop pole. In this case, its is allocated in
the break-in point on the real axis, which results in s; = —380. Therefore, substituting the
value of s4 in (59) results in a controller gain computed as kj; = 22.965. Figure 9 shows the
root locus for the H;(s) open-loop system. The closed-loop system has two real and equal
poles corresponding to s;, which results in a transient response without percent overshoot.
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Figure 9. Root locus for current control loop.

5.2. Flux Controller Design

The flux control loop is in cascade with the d-axis armature current control loop as
shown in Figure 2. Therefore, considering the dynamic model described in (29) and inner
current controller dynamics, it is possible to obtain the open-loop transfer function for flux
control as follows:

Hj(s) = kpaTa(s)
B L5Lgrkpikpp (s + o) (s + ) (60)
S(Trs + 1) (0'52 + (Rsr + kpi)s + kpi“i) ’

in which kj) and a, represent the flux controller gains.

For guaranteeing the proper performance of the multi-loop scheme composed of the
flux controller and the d-axis current controller, the design requirements can be chosen so
that the control action of the flux outer loop is slower than that of the current inner loop [21].
Thus, assuming %0S < 5% and Ty, < 1s, whichresultsin ) > 0.7 and w) > 5.714 rad/s
as design criteria, it is possible to obtain the desired region illustrated in Figure 10. In order
to allocate all closed-loop poles within this desired region, the zero of the flux PI controller
is chosen by setting ay = 20. The k) gain can be determined by:

1
kyp = —=—— (61)
P Talsa)l
Therefore, assuming s; = —30.4 results in a control gain computed as k) = 7.845.

Figure 10 shows the root locus for the H) (s) open-loop system. The closed-loop system
has two real and equal dominant poles that correspond to the s; adopted and two complex
non-dominant poles located furthest from the imaginary axis. In this case, the alloca-
tion of non-dominant poles depends on the design requirements adopted for the current
inner controller.

5.3. Speed Controller Design

According to Figure 2, the speed control loop is in cascade with the g-axis armature
current control loop. Thus, considering the dynamic model given by (34) and closed-loop
current control, it is possible to obtain an open-loop transfer function defined as:

Hy(s) = kprw(S)
_ kpwkpi(s + “i) (S + ‘Xw) (62)
S(]rs + frm) (USZ + <Rsr + kpi)s + kpi“i) '

where k., and &, represent the speed controller gains.
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Figure 10. Root locus for flux control loop.

In this case, the performance requirements applied to the speed controller are %0OS < 5%
and Tyo, < 4's, which results in s > 0.7 and ws > 1.43 rad/s. The desired region
corresponding to these requirements is shown in Figure 11. Thus, assuming the same
procedure employed in the design of flux and current controllers, the speed controller zero
is defined by a,, = 0.75, while the k) gain can be computed by:

1
kpw = —+—, 63
P = TTu(sa) ©9
in which, assuming s; = —1.44, the controller gain is calculated as kj, = 0.0327. Figure 11

presents the resulting root locus for the speed control loop. According to Figure 11, all
closed-loop poles are located within the desired region. In this case, the closed-loop system
has two real and equal non-dominant poles that correspond to the closed-loop poles of
the current inner loop and are located further from the imaginary axis. In addition, the
closed-loop system also has two real and equal dominant poles that are allocated closer to
the origin and correspond to the desired pole s;.

1000
200 H X Open-loop pole
600 & X Closed-loop pole

400 [
200 |

0F
-200

400 o / ~ D\
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-800

-1000 b
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Real Axis

Imaginary Axis

Speed PI controller
zero at -0.75

Sws=1 |
Current PI controller R
zero at -280 0= cos(&) = 45° 1

Figure 11. Root locus for speed control loop.

6. Closed-Loop Poles Sensitivity Analysis

In this section, a sensitivity analysis is performed in order to compare the dynamic
performance of the system’s controllers assuming variations in the EFR parameters listed
in Table 1. This analysis employs the control gains designed in the previous section and
summarized in Table 2.
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Table 2. Parameter design for system controllers.

Parameter Value

Current Controller Proporgc;?ra;ll( ia)‘in (kpi) 222-58’5
Flux Controller ProportGi(;?r’:ll(fj)in (kpa) 7;5;5
Speed Controller PI‘OPOYEZ?ITI( fji)n (kpew) 069%7

6.1. Current Inner Loop

From the dynamic model given in (56) and assuming systems with unitary feedback,
it is possible to obtain the closed-loop transfer function for current control given by:

kypi
Hs)  +w)
THHG) 2y (Ref),y

g

Hiq(s) = (64)

According to (64), the closed-loop current control has two poles whose location de-
pends on the EFR parameters. Figure 12 shows the closed-loop poles’ behavior when Ls and
Rs parameters vary. According to Figure 12a, when L; is increasing, the closed-loop poles
are closer to the imaginary axis, which corresponds to a decrease in the system stability
margin. In addition, large variations in armature inductance can move the closed-loop
poles outside the desired region, which results in degradation of the controller performance.
The R; variation effect in the location of the closed-loop poles is presented in Figure 12b.
While R; is increasing, the complex closed-loop poles are closer to the real axis, which can
result in a more dampened transient response. Furthermore, during the variation of R;,
the closed-loop poles are allocated within the desired region, which demonstrates the low
influence of this parameter on the performance of current controllers.

250 . . 150 : ‘ : ‘ — :
200 Ly 0= cos(&)=45°] 0 cos(&) =45°
XX x 100 :
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2100t ke o X S e increasing
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g 0% D s § 01 X X XX i
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(a) (b)
Figure 12. Closed-loop poles for current control when (a) Ls varies and (b) R varies.

6.2. Flux and Speed Outer Loop

From (60), it is possible to obtain a closed-loop transfer function which describes the
flux dynamic behavior, given by:

1,5Lgrk ik
Hyul(s) = His)  —me (84 (ai+ap)s + wap) @)
M I HAs) T strass® tmsttas+ag
in which
T (Rsr + kyi) + 0
a3 = r(Re + kpi) , (66)
0o

k,i(1.5Lgk,n +e; +1) + R

ap = Pl( sritpA rii ) sr, 67)

T
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 15Lgkpikpn(a; + ) + kpia;

a e (68)
2o — 1-5Lsrkpikp/\lxia/\ (69)
0= 0 ‘

According to (65), the closed-loop system has four poles whose localization depends
on the EFR parameters. Figure 13a,b shows the effect of L, and R, parameter variation in
the position of the closed-loop poles for flux control. According to Figure 13a, when L, is
increasing, the non-dominant and dominant poles are closer to the imaginary axis, which
corresponds to a decrease in the system stability margin. In addition, large variations in the
rotor inductance move the closed-loop poles outside the desired region, which results in
degradation of the desired dynamic response. On the other hand, according to Figure 13b,
while R, is increasing, the non-dominant and dominant poles are closer to the real axis,
which can result in a less oscillatory transient response. Furthermore, during variation of
R;, the closed-loop poles are allocated within the desired region, which demonstrates its
low influence on flux controller performance.

Similarly, considering the system described in (62), the closed-loop transfer function
for speed control is given by:

ko
Ho(s) = Ho(s) o (824 (0 + aw)s + aing) 70)
wel N 1+Hw(5) B S4+b353+b252+b15+b0 !
in which
Rsr +kyi) + frmo
by = ]r( sr ];:71) frm , (71)
r
bz _ kpi (kpw + ]rDCi +frm) +frmRsr (72)
Jro ’
by = kpikpw (o +;’C§) +frmkpi"‘i, (73)
r
k,ik i
bo = %j‘%’. (74)
r

Figure 13c,d show the closed-loop pole behavior of the speed control during vari-
ations in |, and f;,;. According to Figure 13c, when J; is increasing, the non-dominant
poles are closer to the real axis, while the dominant poles are place outside the desired
region and closer to the imaginary axis, which can result in a more oscillatory transient
response and a decrease in the system stability margin. On the other hand, according to
Figure 13d, when f,, is increasing, the location of the non-dominant poles has negligible
change, while the dominant poles are closer to the real axis, which can result in a more
dampened transient response. However, the dominant poles are allocated within the de-
sired region, which demonstrates the low influence of f;,;, parameter variation on the speed
controller performance.



Energies 2022, 15, 2873

19 of 27

(0

250 5 &) =5 150 7 &= b
= cos(&) =45° =cos(&) =45° 10
200 R, X
150 | L, value'is 100 [P .
2 100 increasing » VISR
‘>'<‘ ; 50 mcreasing
: R
= 0 X g 0 X (
5 50 £
< <
E 100 % g 0 é
1507 begired X Non-dominant || -100 | Desired X Non-dominant
-200 | region X Dominant region X X Dominant Cw,=4
-250 : : -150 :
-600 -500 -400 -300 -200 -100 O 100 200 300 400 500 -600 -500  -400 -300 -200  -100 0 100
Real Axis Real Axis
(a) (b)
o= eom@r=a5" | w1 o
= asllE) = o | = aosllE) =
40 cas(cy) , /;ac& ] 40 cas(c) > /%
30 o X XXX o ] 30 *00¢ ¥
2 90 | Jyvalueis g 10 \& 12 20| fuvalueis oy |0 it
<’E 10 increasing G o2 o) 1800'0, <>t< 10 mCreasing 15
2 N 2
g 0 X 1 2 0
& 10 B 10
E 20 g E 20 X
30 I Desired X Non-dominant -30 [ Desired X Non-dominant
-40 | region X Dominant -40 | region X Dominant |
-50 : -50 fod
-600  -500 -400 -300  -200 -100 0 100 -600  -500 -400 -300 -200 -100 0 100
Real Axis Real Axis
(©) (@)

Figure 13. Closed-loop poles for (a) flux control when L, varies, (b) flux control when R, varies,

(c) speed control when |, varies and (d) speed control when f, varies.

7. Simulation and Experimental Results

The EFR-based system parameters for the simulation and experimental study are
shown in Tables 1-3. The wind turbine parameters used for the simulation and experimental
assays were taken from [22]. However, the turbine blade radius and the rated wind speed
were adjusted to match the rated turbine and EFR power ratings.

Table 3. EFR-based system’s parameters.

Parameter Value
Rated power 1.5 kW
Blade radius 2m
Rated wind speed 8m/s
Wind Turbine Air density 1.225 kg~m3
Power coefficient 0.411
Inertia moment (J;) 0.2 kg-m2
Friction factor (fam) 1.0 N-m/rad-s~!
Rated power 1.5 kW
SG Poles number 4
EFR and SG Rated voltage 380 Vims
Rated frequency 2760 rad/s
VSC DC-Link voltage (Vpc) 9200V
Switching frequency (fs) 10 kHz

7.1. Simulation Results

To verify the effectiveness of the proposed performance analysis applied to the EFR-
based system, the simulation of the system topology shown in Figure 2 has been carried
out using the MATLAB/Simulink software.
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7.1.1. Performance Analysis of the EFR Controllers

Figure 14 shows the dynamic response of the EFR controllers. According to Figure 14a,
when the reference signal for the rotor flux changes from 0 to 1.2 Wb at 0 s, the instantaneous
rotor flux tracks this reference value without steady-state error with settling time equal to
0.95 s, approximately. Then, Figure 14b shows that quickly, in approximately 0.075 s, the
d-axis armature current reaches its reference value. Instantly at ¢t = 3.0 s, a step from 0 to
188.5 rad /s is applied to the rotor-speed reference as depicted in Figure 14c. At this speed,
as the synchronous generator has 4 poles, the voltage generated presents a frequency of
60 Hz. According to Figure 14c, the rotor speed reaches its reference value accurately in
approximately 3.8 s without percent overshoot. This transition results in the application
of an electromagnetic torque to the rotor proportional to the reference value for the g-axis
armature current shown in Figure 14d. In this case, similar to the d-axis armature current,
the g-axis armature current quickly tracks its reference value. Therefore, in relation to
the adopted design criteria, the dynamic performance of the EFR controllers is within the
desired limits.
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Figure 14. Dynamic responses from system’s controllers (a) rotor flux controller, (b) d-axis armature
current controller, (c) rotor speed controller and (d) g-axis armature current controller.



Energies 2022, 15, 2873

21 of 27

Figure 15 shows the speed controller dynamic response assuming variations in the J;
and f,,; parameters around their nominal values listed in Table 1. According to Figure 15a,
adopting a 40% lower value for J;, the rise time is reduced, while the settling time and
percent overshoot do not change. On the other hand, adopting an 80% higher value for
Jr, the speed controller transient response presents a higher rise time, settling time and
percent overshoot. Then, Figure 15b illustrates the speed controller dynamic performance
considering similar variations in f;. In this case, the effect of the variation in f,,, was
small, since the controller transient responses were almost identical. Therefore, the speed
controller dynamic performance assuming variation in J, and f,, is in accordance with the
sensitivity analysis performed in the previous section.
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Figure 15. Dynamic response of the speed controller to (a) ], variations and (b) f; variations.

7.1.2. System Performance Analysis Assuming Variations in Armature Speed

Figure 16 shows the effect of armature speed variation on rotor speed dynamic behav-
ior. In addition, the relationship between armature speed and angular frequency of the
armature and rotor currents is also presented. According to Figure 16a, the variations in
the mechanical speed of the EFR armature shown in Figure 16b result in small oscillations
in rotor speed. However, these oscillations quickly converge to the reference value, so that
rotor speed remains constant during system operation. As indicated in Figure 16b,c, a
change in the mechanical speed of the EFR armature results in a proportional change in
the frequency of the armature currents, so that the absolute angular speed of the armature
rotating field given in (1) always remains constant. In this case, the frequency of the rotor
currents, which corresponds to the slip speed described in (2), also remains constant during
variations in the armature rotating speed, as shown in Figure 16d.
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Figure 16. Relationship between mechanical speed and angular frequency in the EFR device: (a) EFR
rotor speed, (b) EFR armature speed, (c) armature current frequency and (d) Rotor current frequency.

7.1.3. System Power-Sharing Analysis

Figure 17 shows power-sharing in the EFR-based system during armature speed
variations. According to Figure 17a, in the interval from 3 to 13 s, the EFR rotor operates
at a speed equal to 188.5 rad /s, while the armature shaft is in repose. In this interval, the
power supplied by the primary source of the VSC is equal to the generated power of 1 kW
(100%), as shown in Figure 17b,d, while the power supplied by the wind turbine is equal to
zero (0%) as shown in Figure 17c. In the interval of 13 to 28 s, the armature speed reaches
80 rad /s, which results in the reduction of the power supplied by the VSC to 0.6 kW (60%)
and in increasing the power supplied by the wind turbine to 0.4 kW (40%), as shown in
Figure 17b,c, respectively. When the armature speed reaches 120 rad /s, which occurs in
the interval of 28 to 41 s, the power supplied by the VSC and the wind turbine are 0.4 kW
(40%) and 0.6 kW (60%), respectively. Finally, for t > 41 s, the armature speed decreases to
40 rad /s, which corresponds to a power supplied by the VSC of 0.8 kW (80%) and a power
supplied by the wind turbine of 0.2 kW (20%). Based on these results, it is possible to share
between the power supplied by the VSC and the wind turbine so that the power generated
is always constant, as shown in Figure 17d. Therefore, the EFR-based system allows for
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implementation of a hybrid generation system with two energy sources providing the
resulting power to the power grid or to an isolated load.
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Figure 17. Power-sharing in the EFR-based system: (a) armature end rotor speed, (b) VSC active
power, (c) wind turbine active power and (d) generated active power.

7.2. Experimental Results

To demonstrate the validity of the proposed performance analysis, experimental
results were obtained using a laboratory setup to emulate the EFR-based system, as shown
in Figure 18. In the experimental platform, a DC motor was used to emulate wind turbine
behavior, as indicated in Figure 18c. Furthermore, the control algorithm was executed
using a fast prototyping system DSP-TMS320f28335 with a sampling time of 100 ps. The
measurement of instantaneous voltage and current values was performed using hall-effect
sensors LV20-P and LAH25-NP, respectively.
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Figure 18. Experimental platform: (a) block diagram, (b) layout of laboratory equipment and
(c) prototype machinery.

The experimental assays employed the same reference values for flux and speed control
used in the simulation assays, which correspond to 1.2 Wb and 188.5 rad /s, respectively.
Figure 19 shows the speed controller dynamic response. In addition, the generator a-phase
armature voltage is also presented. According to Figure 19a, the rotor speed converges to
the reference value without percent overshoot and with a transient response compatible
with the design criteria adopted for the speed controller, as shown in Table 4. Att = 28,
the rotational movement of the EFR armature is started. In this case, the DC motor that
emulates the wind turbine is driven in order to establish an armature rotation speed equal
to 50 rad/s (Figure 19a), approximately. According to Figure 19b, the amplitude and
frequency of the voltage delivered to the resistive load remains constant different armature
speeds, which is desired during system operation.
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Figure 19. Experimental results for performance analysis of the EFR-based system: (a) rotor and
armature speed and (b) load voltage.

Table 4. Comparison between simulation and experimental results.

Simulation Experimental

Values Obtained Values Obtained

Design Criteria

Settling time Typo, < 4's 38s 4s

Speed Controller Percent overshoot %0S < 5% 0 0

8. Conclusions

This paper presented a performance analysis applied to an electromagnetic frequency
regulator employed in distributed generation systems based on wind sources. Analyzes
based on transient and steady-state response specifications indicated the influence of
the variation of electromagnetic frequency regulator device parameters on its dynamic
behavior. The paper also presented the design methodology of the system’s controllers and
a sensitivity analysis of the closed-loop poles which were validated through simulation
and experimental results. This work serves as a complement to the previous related works
and contributes to the proper operation of the electromagnetic frequency regulator device
in distributed generation systems, since the control strategy has a great influence on the
system dynamic performance. In addition, the electromagnetic frequency regulator device
also allows the implementation of a hybrid generation system with the integration of
photovoltaic energy to supply the power converter. Future work is needed to evaluate the
electromagnetic frequency regulator dynamic behavior operating with more robust control
strategies in relation to parametric variations and perturbations.

Author Contributions: T.F.d.N. and A.O.S. conceived and designed the study; T.F.d.N. and R.EP,,
methodology; R.EP, TEd.N. and E.A.D.EN. performed the simulations and experiments; E.R.L.V.,
R.EP. and A.O.S. reviewed the manuscript and provided valuable suggestions; T.F.d.N., REP. and
E.A.D.EN. wrote the paper; A.O.S. supervised. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded in part by the Coordenacdo de Aperfeicoamento de Pessoal de
Nivel Superior—Brasil (CAPES)—Finance Code 001 and Conselho Nacional de Desenvolvimento
Cientifico e Tecnolégico (CNPq).

Conflicts of Interest: The authors declare no conflict of interest.



Energies 2022, 15, 2873 26 of 27

Abbreviations

The following abbreviations are used in this manuscript:

DG Distributed Generation

DC Direct Current

DFIG Doubly Fed Induction Generator
EFR Electromagnetic Frequency Regulator
GB Gearbox

HPWM  Hybrid Pulse Width Modulation
MPPT Maximum Power Point Tracking
PCC Point of Common Coupling

PI Proportional-Integral

PMSG  Permanent Magnetic Synchronous Generator
RES Renewable Energy Sources

RLM Root-locus Method

SG Synchronous Generator

SCIG Squirrel Cage Induction Generator

VsC Voltage-Source Converter
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