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Abstract: The Switched Reluctance Generator (SRG) has been widely studied for Wind Energy Con-
version Systems (WECS). However, a major drawback of the SRG system adopting the conventional
control is the slow response of the DC link voltage controller. In this paper, a Proportional Resonant
(PR) control strategy is proposed to control the output voltage of the SRG system to improve the
fast response. The SRG model has a high non-linearity, which makes the design of controllers a
difficult task. For this reason, the important practical engineering aspect of this work is the role
played by the SRG model linearization in testing the sensitivity of the PR controller performance to
specific parameter changes. The characteristics of steady-state behaviors of the SRG-based WECS
under different control approaches are simulated and compared. The controller is implemented on a
E:eﬁtfgsr digital signal processor (TMS320F28379D). The experimental results are carried out using a 250 W
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Proportional Integral (PI) control strategy. The experimental results show that the PR control enhances
the steady-state performance of the SR power generation system in WECS. Compared to PI control,

and PR Controller Implemented in the rise and settling times are reduced by 45% and 43%, respectively, without an overshoot.
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newable energy source in the world and has attracted the interest of researchers and
Publisher’s Note: MDPIstaysneutral  industries [1,2]. Following this trend, wind energy technologies are being expanded rapidly.
with regard to jurisdictional claims in  Several studies related to Switched Reluctance Generators (SRG) in many applications
published maps and institutional affil-  have been presented in the literature, such as wind power generation systems [3], wave
iations. energy [4], aircraft [5], and electric or hybrid vehicles [6,7]. Nowadays, the SRG is a good
candidate for wind turbine applications. It is attractive for this type of application because it

has positive features, such as simplicity of construction, fault tolerance, low manufacturing
- cost, high performance, mechanical robustness, and absence of windings or permanent
magnetic elements on the rotor [8-10]. In addition, SRG operates within a wide range of
speeds at high-performance levels. Furthermore, SRG can be used to generate electricity
without the necessity for a gearbox in wind turbine applications. For example, in [11], the
authors present the design and operation of a dual-stator SRG for wind turbine applica-
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a rated power of 2500 W and a torque of 70 Nm. The main limitations of SRG are the
existence of large output voltage and torque ripples. However, they degrade the power
generation performance. Many research efforts are currently being focused on reducing the
output voltage variation, maximization of the SRG efficiency, and improving the voltage
stabilization of SR power generation systems. In [12], the authors developed an SRG control
for a low voltage DC grid based on a PI regulator. The authors have demonstrated that
there is an optimal combination of control variables such as turn-on, turn-off angles, and
the reference current, which maximizes the drive efficiency.

With same purpose, the authors in [13] describe a Direct Power Control (DPC) method.
The DPC was designed to ensure the performance of the SRG over a wide range of speed.
To improve the performance of SRG, the DPC was tested with a Proportional-Integral (PI)
controller and a Sliding Mode (SM) controller. According to the experimental results, the
SM controller showed better results than the PI controller. In [14], an improvement in SRG
based on a traditional Proportional, Integral, and Derivative (PID) controller associated
with a Maximum Power Point Tracking (MPPT) technique was presented. The performance
of the machine was evaluated in terms of efficiency and torque ripple. The conventional
PID controller has some advantages such as flexibility, simple structure, and low cost.
Nevertheless, this controller has some drawbacks, especially when its parameters are not
adjusted properly, particularly if the machine is non-linear. In [15], the authors demon-
strate that over the traditional regulator PID, the SM controller can enhance the dynamic
characteristics of SRG. However, the SM control technique has drawbacks when used with
variable switching frequency, such as the chattering phenomenon and higher power losses.
In [16], a freewheeling pulse train (FW-PT) control approach was proposed to reduce the
voltage ripple. The experimental results confirm that, compared to the PID and pulse train
(PT) strategies, the FW-PT control strategy can be used not only to suppress the output
voltage ripple but also to achieve a faster response. In fact, the results with the FW-PT
controller were promising, but the need of the predefined sets of control pulse combinations
to be applied to each leg of the power converter results in increased switching power losses.
In addition, the sets of preset pulse combinations are dependent on the topology of SRG.

As presented in [17], a PR and PI controller are applied to the DPC of three-phase 12/8
SRG to regulate the output DC voltage, despite the undesirable speed variations of WECS.
Both controllers use the error between the measured power and reference, then calculate
the turn-off angle. The results validate that the PR controller can reduce the power ripple
when compared to the PI controller. In the mentioned reference, the PR controller has a
better performance due to the reduction of ripple under all conditions. The power ripple is
reduced by 27.77% when compared to the PI controller. Questioning the relative importance
of the DPC solution compared to other solutions motivated revisiting the design of the DC
bus voltage controller in order to compare it in terms of control variables and control laws.
In what follows, we analyze the case where the controller calculates the reference current
to extract all the energy from the wind with fast response and mitigate the overshoot of the
DC bus voltage.

This paper presents a comparative study of a PI versus PR for DC voltage control.
Theoretical aspects and comparative experimental results are discussed for both control
laws. The main issue is to linearize the SRG model to find the optimal parameters of the
controllers to ensure robust control. The results are validated and compared with the
traditional regulator PI, as present in [18].

This paper has been organized as follows. Section 2 introduces the backgrounds of
SRG. The design of voltage control using PI and PR controllers is described in Section 3,
including the parameter tuning through frequency response. Section 4 discusses the discrete
implementation of each controller. A comparison of experimental results is presented in
Section 5 and the conclusions are addressed in Section 6.
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2. SRG Backgrounds
2.1. Mathematical Model and Analysis of SRG Operation

The system used in this paper consists of a four-phase 8/6 SRG. The SRG is connected
to the load, as given in Figure 1. The design of the switched reluctance machine essentially
implies a laminate of magnetic material for the stator composition. The rotor is also
laminated, such that both the stator and rotor have salient poles, without brushes. The
absence of brushes on the rotor provides more robustness to this type of machine [19].
Consequently, the maintenance costs are reduced. The SRG has fault tolerance due to the
independence between the magnetic fluxes of the SRG phases and the independence of the
phases in the power converter [20]. The SRG system is operated by self-excitation based
on a power converter four-phase asymmetric half-bridge circuit converter (AHBC). In the
case of the self-excitation operation, the current flows from the SRG during the generation
process and can be obtained as follows:

AHB [T
Converter e :

Switched Reluctance
Wind Generator (SRG)
Turbine

Figure 1. An overview of the system under study.

The voltage equation of SRG for the jth phase winding can be described as follows:

V.= 7]1] + 7611’

]

M

where i is the phase current, r is the phase resistance, and 6 is the rotor position. @ (Wb) is
the concatenated stator flux per phase and is given by:

L (H) is the inductance. It depends on the phase current and the rotor position.
Therefore, the phase voltage, applying (1) and (2), is as follows:

‘ Codii dLi(6,i;)
V]' =1l + L]'(G, 1])?; + j wm# 3)
The electromotive force e is the last term of (3) and is given by:
, dL;(6,i;)
e=1ijwny # 4)

The electromagnetic torque can be determined based on the magnetic co-energy with
respect to the rotor angular position as follows:

CdWI(8,i)  1.,dLi(6,i))

T(6,1) —0 T o g ©)
The mechanical expression of the SRG is described by:
T, = T — Baoy — ]2 ©)

dt
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where T} is the generated turbine mechanical torque (Nm), T is the SRG electromagnetic
torque (Nm), wy, is the rotor mechanical speed (rad/sec), ] is inertia moment (Kgmz), and
B is the viscous friction coefficient. Figure 2 shows an SRG drive; to highlight the principles
of energy production, just one phase is shown as an example.

1 srg iR
" A
KI 1
D2 DC R
L
-
CDC S e
o
DJ? K2 @
(6]
m SRG Control )
encoder

Figure 2. Principle of SRG operation.

Figure 3 shows all the states of the SRG operation [21]. Figure 3a presents an excitation
state of SRG. The switches k1 and k2 of the converter are closed. The mechanical energy
is transformed into magnetic energy and stored in the stator windings of the SRG. After
excitation, the winding current flows through diodes D1 and D2, as shown in Figure 3b.
The magnetic energy stored in the windings is transformed into electrical energy and
transferred to the load. Figure 3c illustrates the freewheel operation through D2 and k2,
which is called soft chopping.

D2

K2

(o)

Figure 3. Operating states of switches: (a) excitation stage, (b) generation stage, and (c) fly-wheeling
stage.

The flux linkage is not changed during the fly-wheeling chopping process. The voltage
at the generator windings in the excitation and generation mode is given by:

. .\ di;
rji;+Li(0,i) 4 +e
v, = ) )
. . 1
—rjij—Li(0,i) 5 —e

The existence of a nonlinear inductance causes the irregular phase winding and the
charge and discharge, periodically, of the parallel capacitor, resulting from a fluctuation of
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the output voltage [22]. In the case of self-excitation, the current flows from the SRG during
the power generation phase given by:

av; dv; . .
CDCT?C = CDCTgxwm = igrG — IR (8)

where igrg is the generator current and iy is the load current. The capacity voltage Vpc can
be obtained from (9) as in [18]:

6 Boff .
Vpc = Cye®t Coc om — RL/ isrgdd )
where C; is the integral constant, 8, is the conduction angle, Goﬁ is the turn off angle, and
Ry is the resistance of load. As can be seen, the output voltage Vpc is mainly affected by
the parameters 6,,, Qoﬁc, Ry, Cpc, and isgg. Based on finite element analysis (FEA), we have
derived the magnetization characteristics of SRG to determine the electromagnetic torque
equation. Figure 4 highlights the magnetization characteristics of the SRG used in this
work.
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Current (A)
Figure 4. The 8/6 SRG magnetization characteristics versus current at different rotor positions.

2.2. Simplification and Linearization of SRG

Figure 5 shows the block diagram of the linearized SRG. A PI controller is used to
control the current, and the power converter is modeled as a gain with a first-order delay,
as follows.

K¢
E = 1
con(8) 1+s Tc (10)
The gain of the power converter is given by:
K VDb —nominal (11)

Vmax

where Vay is the maximum control voltage. The time constant of the converter T, is one
approximation of the dead time of the power converter, the sampling, and signal processing.
The sum of these very small time constants is approximated by:

T 1
Te=5=57 (12)
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where f is the switching frequency of the converter. For more details, see references [18]
and [23]. The transfer function of the current controller is given by:

81,(s) C 3

oI(s) _ B+s] 13
6V(s)  LJs2+ (Reg] + LB)s + (RegB + K2)
o oK [P0 K o S a1s)_
o = 14T, R, +sL
Current Converter de(s)
controller 1
daxs) 5T(s)
K )
B+sJ
§Tu(5)

Figure 5. Schematic diagram of the linearized SRG with current control.

3. Voltage Controller Using PI and PR Controllers

The control strategy proposed in this section is based on regulating the voltage.
Figure 6 shows the SRG voltage control block diagram. This way, the voltage controller
processes the error between the measured voltage (Vpc) and its reference (Vpc*). The main
idea is to improve the performance of SRG using two different types of regulators, the PI
and PR controllers. Typically, the voltage controller is implemented using a PI controller
with voltage feedforward, as presented in Figure 7a. Instead, the PR controller can be
applied as a voltage controller, as illustrated in Figure 7b. Compared to a PI controller,
the only computational requirement that is imposed by the PR controller is an additional
integrator for the second-order system implementation. For comparison, the PI and PR
voltage controllers are analyzed.

i srRG iy
e I* > T
Voltage »| Current > lDC;: R,
controller controller L —I Chc D_
/ T A [ &
®
®
)
/SRG
Commutation logic

controller

Figure 6. Proposed control strategy of SRG.
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Figure 7. Voltage controller: (a) PI control; (b) PR control.

The equations of PI and PR voltage control used for the comparison are depicted in
Equations (14) and (15).

k.
Gp[(s) = kp + ;l (14)

(15)

The reference current output (I*) is next tracked by an inner current loop whose output
is fed to a hysteresis control for switching the asymmetric half-bridge converter. The transfer
function of closed-loop control can be determined only with the voltage controller and the
load; the transfer function of the current closed-loop is approximated by a unit function.
The closed-loop transfer function of DC link voltage based on PI and PR compensators is
given by:

Vpc* R;Cpcs?+ (1+ RLKP)S + Ri K;
1% R;K,s? + w?R;Kps + R K;
Hpg(s) = =< . L ’ (17)

" Vbc* RiCpes® + (1+ RiKp)s2 + Rpw?(Cpe + Kp) + (RLK; + w?)

The Bode diagram of the PI controller is presented in Figure 8. The frequency response
is 1 kHz and the system phase margin is 78.4°.

T

A | . o

107 10° 10° 10*
Frequency (rad/s)

Figure 8. Bode diagram of closed-loop transfer function using PI controller (K; = 0.09, and K;, = 0.9).
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The tuning of the PR controller parameters is conducted by analyzing the stability
using Bode diagrams and the phase margin. In order to study the effect of the PR controller
parameters on the performance of voltage control, one parameter is changed while others
are maintained constant. When K, = 100 and the proportional gain K; is changed, the
magnitude of the PR controller rises, but the phase of the PR controller reduces, as illustrated
in Figure 9.

' [ ' K =02
| K =04 |]
o =06
———-K; =08 |
10° 104 10°
L /)jt:k 4
G/
102 10° 104 10°

Frequency (rad/s)
Figure 9. Frequency response of PR controller as a function of K; changes.

Depicted in Figure 10 is the frequency response of the controller when K}, is added and
K; fixed at 1. It can be noted that the magnitude of the PR controller gain increases when K,
is added. The important results of this study should be highlighted. The parameters of the
controller K;, and K; are chosen to obtain a good closed-loop response and a steady state
performance. The proportional gain constant K; should be selected to ensure an improved
tracking performance. A higher K, value produces a faster response but increases the
bandwidth and phase margin. Thus, the reasonable value of K}, can be selected according
to the required bandwidth and phase margin. Based on the theoretical analysis, in this
paper, the gains of the PR controller are taken as follows: K; = 1, K, = 100.

K =10

Frequency (rad/s)

Figure 10. Frequency response of PR controller as a function of K, changes.
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4. Discrete Implementation
4.1. Implementation of PI Controller Using Discrete Transfer Function

The most widely used discretization method is the bilinear pre-normalized transform

(Tustin) [24], which is defined as:
2(z—-1)
=— 1
T T+ (18)
where T is the sampling period and z is the forward shift operator. Equation (18) is
substituted into Equation (14) and gives the following transfer functions in the z domain:

(kp+k:Z) + (—kp + ki3 ) 271
1—z71

Gpi(z) = (19)

Gpi(z) = =1t = - (20)

where
a = (—kp + k) (21)
bp=1

For digital implementation, the differential equation of the PI controller is expressed
in the difference Equation (22):

y(n) =ag-e(n) +ar-e(n—1)+y(n—1) (22)

where y(n) is the present output action of the controller, y(n — 1) is the previous output
control action, e(n) is the present error, and e(n — 1) is the previous error. Based on the PI
controller parameters K, = 0.9, K; = 0.09, the coefficients of the digital PI controller with
T =50 us become ay = 0.9 and a7 = —0.9.

4.2. Implementation of PR Controller Using Discrete Transfer Function

By using a bi-linear transformation, the discrete transfer function for the resonant term
of Equation (15) is:

k; - %(2—1)
R(z) = ——U (23)
4 (z-1) + w?
T2 (z+1)°
The relation R(z) gives the following transfer function:
(1-2z72)
R(z)=2-T -k 24
@) A+ w? T2+ (2 -w? T2 —8)z7 1+ (44 w? - T2)z2 )
where T is the sampling time. Equation (24) can be re-arranged in the present form:
ap(1—z72)
R(z) = 25
(2) bo +b1z71 + bpz—2 25
where
apg = 2-T- kl
by = (4+ w?- T?)
by = (2-w? T2 —8) (26)
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As a function of the error E(z) and the controller output U(z), the function of
Equation (15) can be rewritten as:

Y(Z) ap(1—z72)
G =" —k 27
Pr(Z) E(z) —"F Y hotbhiz T1byz 2 @7
The difference equation for the PR controller required for the DSP implementation is

written in Equation (28):
y(n) = [ag- (e(n) —e(n —2)) =by-y(n—1) = by - y(n —2))/bo] +kpe(n)  (28)

Using the same conditions for both controllers, e.g., reference voltage and required
output speed, the performance of both controllers are studied in terms of execution time.
In the discretization, the PR controller has two more products, two more sums, and three
more data writes than the PI controller. The execution time for the PR speed controller
is higher compared to the PI controller, as shown in Table 1. In the next section, we will
discuss each controller in terms of performance and transient response (rise time, settling
time, percentage overshoot) and robustness.

Table 1. Calculation of execution time.

Controller Execution Time (us)
PI 0.66
PR 0.81

5. Experimental Results and Discussion
5.1. Experimentation

The proposed controller strategies are verified by experimental results achieved in a
four-phase 8/6 SRG experimental platform, as illustrated in Figure 10. The parameters of
SRG are given in Table 2. The SRG test bench was developed to perform the experiments
and to obtain the results of this work. The diagram of the assembled system consists of
an 8/6 four-phase SRG structure, encoder, SRG excitation rectifier, half-bridge converter,
capacitor, load, digital signal processor (DSP), Texas Instrument TMS320F28379D, and
induction motor, as shown in Figure 11.

Table 2. Database of 8/6 SRG.

Characteristics Values
Output power 250 W
Maximum current 3A
Inductance (aligned position) 014H
Inductance (unaligned position) 0.021H
Viscous friction 0.01 Nms
Moment of inertia 0.006 Kgm2

Resistance of phase winding 50
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Figure 11. Experimental test bench.

5.2. Experimental Results and Discussion

The performance of both controllers is compared in terms of voltage ripple, steady-
state response, peak overshoot, and rise time. The system has been tested under the
following conditions: DC voltage excitation Vexc = 58 V, R, = 400 (), and speed 600 rpm.
The simulation and experimental parameters of regulators are shown in Table 3.

Table 3. Parameters of voltage regulators.

Controller
Parameters PI PR
Kp 0.9 100
Ki 0.09 1

To study the response of the SRG, a larger filter capacity is applied in the experiment
and has a value of 1.8 mF. Figure 12 shows the output voltage of the two controllers (PI and
PR). Figure 13 shows the waveforms of the DC link voltage Vpc, the phase current Iz, and
the DC link current when the step response of voltage reference Vpc* changes between 70 V
and 83 V for the two methods of control. The current produced is 3A for both controllers,
as shown in Figure 13.
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Figure 12. The experimental results of the voltage in the SRG power generation system under two
controllers.

T=0.8s

Ve (20 V/dw)/ AL

1a(5 A/div)

Pl
1DC (5 A/div)

Ipc (5 A/div) |

(b)

Figure 13. The experimental waveforms of SRG control with variable voltage: (a) the waveforms
under PI controller; (b) the waveforms under PR controller.

It can be observed that the output voltage obtained by applying the PI control method
requires about 0.92 s to reach a stable state. However, the output voltage obtained using
the PR control method takes only about 0.52 s to reach a stable state. Consequently, the
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system controlled by the PR method responds faster than the system controlled by the PI
method. Furthermore, from Figure 12 and Table 4, we can also observe that Vpc has a
larger overshoot when operated under PI control, but there is no overshoot of Vpc when
operated under PR control at the startup phase. It can be seen from Table 4 that the ripple
of Vpc is the smallest among the two controlled methods.

Table 4. Experimental results of the voltage step change.

Control . . . . . o
Schemes Rise Time (s) Settling Time (s) Peak Overshoot Voltage Ripple (%)
PI 0.40 0.92 5.6 2.88
PR 0.22 0.52 0 2.85

In the case of SRG operations at wind speed step change, the generator speed changes
from 500 to 1000 rpm at T = 1 s. The results of the output DC link voltage for each controller
as a function of different generator speeds are presented in Figure 14. Good voltage
control performance over a wide range of speed of SR power generator system for the two
methods of control can be noticed. As described, the PR controller obtains higher dynamic
performance compared to a conventional controller (PI). It allows the SRG to reach its
reference voltage faster with no overshoot.

1 000
B
& 750} 1
3
500 4
0 0.5 1 1.5 2
130 T T ; :
120 VDC-Ref
VDC-I’I
110 B VDC-PR
> 100 .
g
> 90 =
Tt M ey
70 .
60 1 1 1 1
0 0.5 1 1.5 2

T (s)

Figure 14. The experimental results of two methods controlling the SRG power generation system
from 500 rpm to 1000 rpm.

Figure 15 shows the main experimental waveforms of the SR power generation system
with the PI and PR controls. The winding phase current waveform is in a steady state
with the maximum value of 3A for both controllers. As can be observed from Figure 14,
compared to the traditional PI control, the voltage ripple in the case of PR control is similar
but smaller at high speed (1000 rpm). At the low speed (500 rpm), I, starts to increase since
the two switches of the phase are turned off. When I, becomes equal to I, since the back



Electronics 2022, 11, 1285

14 of 17

emf is lower than the DC link voltage, the hysteresis controller will be capable of regulating
the current for the two-controller.

L " T il 1'.2
VDc (10 V/div)
1a (2 A/div)
b 4
Va (100 v/div)
(a)
s S ST VT ——
Vb (10 V/div)
1a (2 A/div)
K
Va (100 v/div)
(b)

Figure 15. Experimental waveforms at 500 rpm of two controllers of SRG power system: (a) PI
control; (b) PR control.

As shown in Figure 16, at the high speed (1000 rpm), I, also starts to increase since
the two switches of the phase are turned off. When i, is equal to L, the two switches
of the phase are opened. As the back emf is greater than the DC link voltage at this
point, the current continues to increase. Therefore, the hysteresis controller cannot regulate
the current within the hysteresis band. The output of the hysteresis controller is, thus,
a single pulse and the phase current I, becomes much smoother, without chopping, for
both controllers. To verify the PR and PI controllers for SR power generation when the
inductance motor (IM) speed changes, the voltage reference is maintained at 83 V, and the
speed changes from 500 to 800 rpm. The voltage is kept constant over the speed variations,
allowing observation of the performance of the PR controller in the regulation of SR power
generation as the speed of the IM changes, as in Table 5.
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Figure 16. Experimental waveforms at 1000 rpm of two controllers of the SRG power system: (a) PI
control; (b) PR control.

The rise time, the settling time, the peak overshoot, and the voltage ripple for each
controller are illustrated in Table 5. Compared with the traditional PI control, the output
voltage ripple when applying the PR control is smaller than the ripple under the tradi-
tional PI control at different speeds. It can be observed that the PR controller has better
performance due to there being no overshoot in each condition. The fast response of the PR
controller to reach a stable state compared with the PI control can also be noticed. Likewise,
with the traditional PT control, the output voltage Vpc has a smaller overshoot with 3.8 at
the startup phase in high speed, and 0.64 s is needed to reach the steady state, as shown in
Table 5.

Table 5. Controllers” performance for wind speed change operation.

500 (rpm) 600 (rpm) 700 (rpm) 800 (rpm)
PI PR PI PR PI PR PI PR
Rise time (s) 1.3 0.84 0.66 0.34 0.45 0.38 0.64 0.45
Settling time (s) 1.68 1.49 1.02 0.48 1 0.62 12 0.82
Peak overshoot 0.91 0 3.8 0 3.4 0 3.83 0
Voltage ripple (%) 47 45 4.28 3.8 3.06 2.79 3.58 3.4
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6. Conclusions

A comparative study of two control laws based on PI and PR controllers for DC
voltage control of SRG in wind application has been performed. The classical PI and the
PR controller both generate the current setpoint for inner-current loop, and have been
theoretically investigated and practically tested. In both cases, the solution presented was
based on linearisation of the SRG model for a specific operating point, and then applying
linear control techniques for simplification. The core version of the controller makes this
understanding more transparent, focusing our attention on the essential action on the DC
bus. The linear controllers sacrificed part of the dynamic performance in order to be easily
adaptable and improve their steady-state performance. The experiment results showed that
the proposed controllers operate stably and are reliable under different working conditions.
Furthermore, the PR control, compared with the traditional PI controller method, had a
rapid response during start-up and established a stable steady state. The rise time was
reduced by 45% compared to the PI controller. Therefore, the PR control method has a
better response capacity for variable wind speed when compared with the traditional PI.
The ripple of the output voltage was also reduced with the PR control method.
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