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Abstract: This paper presents a voltage control approach to a Switched Reluctance Generator (SRG)
using a Proportional Integral (PI) controller. The principle of operation is described and the consid-
erations in the design of controller are discussed. A current loop transfer function of an SRG with
power converter has been systematically derived in order to obtain a small-signal model for the
generator. The generated voltage is controlled by manipulation of the setpoint of the current control
of the generator. The entire voltage loop controller and current control have been simulated and
tested with a 250 W SRG prototype. The control law of the control system was implemented on a
digital signal processor (TMS320F28379D). To verify the feasibility of the proposed voltage control,
the performances are evaluated by numerical simulations and experimental tests with an 8/6 SRG for
different rotational speeds and resistive loads. Experimental results demonstrate that the DC output
voltage from SRG can be controlled well using a simple linear controller.

Keywords: switched reluctance generator; voltage control; voltage ripple; proportional integral controller

1. Introduction

The Switched Reluctance Generators (SRGs) are widely used in many industrial ap-
plications such as the fields of battery charging, aircraft power systems, and electrical
traction [1-4]. Moreover, the SRG has been suggested as a good alternative for the tra-
ditional generator in wind power generation applications. There are several advantages
over other generator types, such as: no windings and permanent magnets on the rotor,
high power density, high mechanical robustness, good performance in a broad range of
speeds, high efficiency, high fault tolerance, and low manufacturing costs [5-7]. Taking into
account the wide speed range of the SRG, it is possible to eliminate the gearboxes, reducing
the mechanical losses and reducing the system costs.

The main disadvantages of SRG are torque ripple, the need of position sensors, and the
audible noise. A considerably large effort has been invested in reducing these barriers, as
in [8,9]. Some strategies have been proposed in modern studies to avoid the effects of load
and speed variation on voltage generation of SRG systems [10,11]. A continuous conduction
mode (CCM) for a wind power plant application is proposed with the determination of
the optimal control parameters of SRG, as stated in [10]. A specific methodology for the
design of SRG is offered in [11] to increase efficiency. In [12], the authors proposed a
passivity-based control (PBC) scheme to the active stabilization of an SRG system as a
nonlinear source by taking into account the effect of its self-excitation. The current ripple of
the SRG is the biggest issue when it works as a battery charger. Therefore, to decrease the
current ripple, a power converter and a smart search control (S5C) approach are proposed
in [13]. A pulse train (PT) control is used to control the output voltage of the SRG system to
obtain a fast response, as designed in paper [14].
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As mentioned in [15], an active boost power converter is suggested for the SRG drive
that support low voltage DC loads or DC micro grids. In [16], the authors presented a
proportional plus resonant (P+RES) to control the power of the SRG. The P+RES controller
processes the error between the measured power and its reference by determining the
turn-off angle; in this way, the proposed controller reduces the power ripple. A algorithms
are proposed to obtain the optimal parameters of an SRG for wind generation systems
to reduce the torque ripple, as discussed in [17]. In [18], the authors have introduced a
Differential Evolution Strategy (DES) for optimizing the performance of the SRG in wind
turbine applications. Three identified parameters (turn-on angle, turn-off angle, and the
excitation voltage) are adjusted to maximize the output power. In [19], the authors have
developed a direct power control (DPC) in a wide range of speed variations of SRG system.
DPCs are suggested by hysteresis current for low-speed operation (DPC-LS) and by a single
pulse of current for high-speed operation (DPC-HS) based in sliding mode controllers. To
estimate the steady state peak-current of the SRG, a simplified current-rise model for the
given operating condition is presented in [20]. As discussed in [21], a microgrid based on a
SRG in wind energy application with a plug-in energy support mechanism is presented.
The wind SRG is designed and controlled based on dynamic switching offset and robust
voltage control. The generated voltage has fast tracking and regulation responses under
load conditions and variable speeds. In [7], the authors proposed a model predictive
control (MPC) control for SRG driven wind power generation systems. The MPC approach
is applied to the phase winding through a z-source converter to generate the desired
voltage. To improve the power quality of the grid connected to the SRG, an in-loop filtering
methods is presented in [22]. These approaches are based on the elimination of voltage
oscillations in the DC link loop due to the SRG switching operation. As mentioned in [23],
a bidirectional DC-DC converter connected to the wind system using the SRG to regulate
the voltage in an optimal value based on the PI controller. The results have been compared
with the conventional wind energy conversion system (WECS). A pulse width modulated
(PWM) control technique for SRG is presented in [24]. A comparative assessment among
different control strategies of SRG has been performed to verify the superiority of the PWM.
In [25], a small-scale wind power generation is proposed combining maximum power
tracking control with power balance control. The two-stage inverter is established: voltage
closed-loop control in boost circuit of front stage and proportional integral (PI) control
in the inverter circuit of the second stage. However, in the industrial world, it is a fact
that using more complex control laws may not always lead to better performance than
using a simple controller, since the quality of regulation depends not only on the controller
but also on the implementation constraints. To put this paper into a more general view,
this work presents the results of research demonstrating that a simple approach can be
very useful for engineers in need of SRG controllers of low complexity and which are
digitally implementable.

In this paper, we present a methodology to pursue simplicity while preserving robust-
ness to load variations when a switched reluctance machine is used as a power generating
system. A PI controller is designed in order to maintain the output voltage constant, inde-
pendently of the mechanical speed and load variations. Moreover, the PI parameters are
dependent on the system features, the design is based on small-signal model of SRG for an
operating point. The tuning of controller parameters is performed using Bode diagrams
and the phase margin criterion. The system response, stability, and steady-state error,
analyzed in simulation and validated by experimental results. The paper is organized as
follows: Section 2 introduces the basic principles of the SRG and the analysis of operation.
Section 3 presents the strategy of SRG voltage control. The experimental and simulation
results are described in Section 4.
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2. Basic Principle of SRG
2.1. Analysis of SRG Operation

In the traditional configuration, the SRG is a machine with salient poles in the rotor
and in the stator. Windings are only presented in the stator and there is no use of permanent
magnets. Due to salient pole configuration and to magnetic saturation of the material,
the machine characteristic is highly dependent on the rotor position and current. This
characteristic is the reason for the high nonlinearity of the SRG which leads to torque ripple
and acoustic noise [26]. In generator operation mode, the phase magnetization of the SRG
is made in the negative slope of the inductance profile. Figure 1 presents the generation
process. At 0, the phase is magnetized to a desired value, and at the same time, the
electromotive force increases. At 6,y the phase voltage is bigger than the DC voltage, so the
current is directed to the DC source by a converter.

A Inductance
profile .
Aligned
Stator pole =~ position
Rotor pole —»,
Lo F-------------- . -
Ideal H -
. . - >
inductance : \ Unaligned
H position
: Parameter -
L : variablei =
min : : o

G,in ?( - 69° Position

IExcitatioJ Generation |

Figure 1. Inductance curve versus rotor position.

The most common converter used to operate the SRG is the asymmetric half bridge
converter. Figure 2 shows the schematic of the converter for the excitation and generation
mode, respectively, to highlight the principles of the energy production, with phase A as
an example. For the SR power generation, the system requires a phase of excitation first,
followed by a phase of generation, as shown in Figure 2a. When the inductance is in its
decreasing part, the switches S1 and S2 of the converter are closed. The mechanical energy
supplied by the IM machine is transformed into magnetic energy and stored in the stator
windings of the SRG. After excitation, the switches are opened. The current flows to the
load through the freewheeling diodes D1 and D2, as illustrated in Figure 2b. The magnetic
energy stored in the windings is transformed into electrical energy and transferred to
the load.

gre=r=== @ C— .
SI

i
A ——, 7 P
r, B
4 : - [
: D2 SZ;
(a)

Figure 2. SRG operating modes (a) excitation mode and (b) generation mode.
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As depicted in Figure 2, each converter phase consists of two transistors and two
diodes. In the case of Figure 2a the DC source supplies the phase, and in the case of
Figure 2b, the phase supplies the source. Figure 3 shows the complete power circuit of the
SRG and the converter connected to the load. In the generation process, the DC power
source (Vexc) may be required at some transient changes, as is the case of startup. At
steady-state operation, it is expected that the capacitor can hold the current variations
created by the magnetization and the generation of current in the SRG, resulting in a no-use
of the DC power source.

~y

Y nc

y
Ve L G § R
=-|A o A

Figure 3. Schematic of the Asymmetric Half bridge Converter.

The voltage equation of each SRG phase is given by [27]:

dep(0,1)

dt @

V=1l +

where i is the phase current, s is the phase resistance, @ is phase flux linkage, and 6 is the
rotor position. The flux in the stator phases varies according to the rotor position 6 and the
current of each phase and is expressed by:

¢$(6,i) = L(6,i) =i )

where L is the inductance. For a non-saturable machine, the simplified equation of voltage
based on the precedent equations can be written as:

. d(L(,i)*1 L di ,
v:rsz—i—%:L(G,l)%—i—rsz—i—e ®)
where e represents the back-emf:
. dL(6,1)
e(w)=iw 0 4)

with w = d6/at as the rotor speed. Without magnetic saturation effect, the instantaneous
electromagnetic torque and the mechanical equation are given, respectively, by:

dW'(6,i) 1 ,dL(6,1)

TO,1) = —24 2" T de

©)

T(6,i) = TM+Bw+]ddﬂt ©)

where T is the mechanical power, T (6,1) is the torque of SRG, ] is the total inertia and B is
the friction coefficient. The complete set of electric motor equations are obtained as follows:

@)



Machines 2022, 10, 103

50f16

The magnetization characteristics of the SRG, used in the result section, is shown in
Figure 4. The higher position represents the flux linkage when one rotor pole is completely
aligned with the magnetized stator pole, this is the position of higher magnetic satura-
tion. The lower position represents the flux linkage when the stator and rotor poles are
completely unaligned.

0.5 . . . . -
AAhgned
041 position|
=0
é ~ _
g 031 S ]
S — —
=02} —— 1
» —
= ——
= g
0.1 naligned]
) position
0 - 1 1 1 1
2 4 6 8 10
Current (A)

Figure 4. 8/6 SRG magnetization characteristics versus current at different rotor positions.

2.2. Model Simplification and Linearization

As stated before, the SRG model is highly non-linear, which makes the design of linear
controllers a difficult task. The simplest solution is in linearizing the SRG model for a
specific operating point and then applying linear control techniques [28,29]. Even though
the validity of this approach has some limitations, this solution is frequently applied in
engineering practice with good results.

The first step in linearizing the model is to approximate the variables as:

i=1y + 61 (8)

v =109 + 6V )

w =wy + dw (10)
Tv =Tmo + 6T (11)

where the index o0 is used to define the value of the variable at the steady-state operating
point and the § represents the incremental deviations of the variable near that point. The
linearized model can be written as:

(12)
dbw — Kgi— B o+ Tu
where the constants are:
Reg =15 + d%@wo (13)
k=T (14
be = dL(g)io bw (15)

do
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Hereafter, using the Laplace transformation, the electrical and mechanical equations
in the transform domain are given as follows:

SV (5)—d
8I(s) = DR(;(:J)rsLe

K 6i(s)—6Tp(s) (16)
Sw(s) = ~HE 0 ME) SB+5]M S
For more details see the references [28,29]. Figure 5 shows the block diagram of the
linearized SRG. A PI controller is used to control the current, and the power converter is
modelled as a gain with a first-order delay, as follows.

Kc

E == 17
con (5) 1+ Tc (17)

The gain of the power converter is given by:
Kc = VDb —nominal (18)

Vmux

where V;y 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:

r_1
2 2f

Tc (19)

where f is the switching frequency of the converter. The transfer function of the current
controller is given by:

dI(s) _ B+s] (20)
6V(s) L] s?+ (Reg] +LB) s+ (RegB+K?)
81,,(5) @ K, K,+sK, | V() K. ) o o)
- s 1+sT, C R"‘l + sk
Current Converter Se(s)
controller
Sas) 1 OT(s)
K —K
B+sJ
5711(5‘)

Figure 5. Schematic diagram of the linearized SRG.

3. SRG Voltage Control
3.1. Control Scheme

The primary objective in a power generator is to maintain the DC output voltage at
a constant value, despite variation of the load or variation in the generator mechanical
supply, as is the case of wind speed variation in wind turbines.

For this reason, the controller is designed in a cascade loop configuration, where the
outer loop is the voltage control of the DC capacitor, and the inner loop is the current
control of the generator. Figure 6 shows this diagram.
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Figure 6. SRG voltage control scheme.

The controllers must be designed according to the specifications and application
of generator. For simplicity of implementation, a PI controller is chosen for the voltage
controller. To ensure the system performance, minimum of steady-state error, and a fast
response, we are tuning the PI controller. Nevertheless, the setting of PI parameters is
called the process characteristics of the system. The transfer function of the PI controller is
given by:

Co(s) = Kp + % (21)

3.2. Synthesis of the Controller

The goal of this section is to present a process to design the linear controller for the
SRG capacitor voltage loop. Figure 7 shows the voltage control scheme. As current dynamic
is much faster than the capacitor voltage loop, current closed-loop transfer function can be
approximated by a unity function [22]. In the scheme, the measured DC bus voltage at the
capacitor terminals (Vpc) is compared to the reference voltage (Vpc.ref), then the controller
generates a current reference (o) that minimizes the controller error (Vpcrer — Vpc). The
capacitor and load dynamic are given by:

_ R
F(s) = R, Cpcs i1 (22)
C 61,,(s) | | Linearized 51(s) F OV SS)
V (S ) " SRG g (S ) >
Voltage Current
controller controller

Figure 7. Block diagram of the voltage-controlled SRG system.
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For the controller design the sisotool and root locus in control system is used. The
closed-loop transfer function of the DC bus voltage is given by:

51
oct) Sl i & o
SVpc*(s)  RyCpe s+ Cols) 651{6((55)) Rp+1

The chosen steady-state operating point has a current of 3 A and a speed of 62.8 rad/s.
For the Resistive load (Rp) was chosen 150 () and for the capacitor (Cpc) 1.8 mF. The
parameters of the PI controller are chosen to achieve a settling time inferior to 10 ms.
Figure 8 illustrates the responses of the voltage based on the root locus. The Bode diagram
of the compensated system is shown in Figure 9. The chosen crossover frequency is 100 Hz
with a phase margin system of 50.3°. The chosen gain of the speed controller at the time
constant 0.02 s is giving as a PI controller in the form:

Cy(s) =077+ ° (24)

Step Response

From:r1 To:y1

) Voltagge (p.u)

0.05 0.1 0.15 0.2
Time (seconds)

Figure 8. Step response of voltage loop.

Bode Diagram
From: uC1 To:uC1
15 l
@ 100~
= B -
8 s e
= O
= v, s
= o e T e
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© N
= 50 s
-100
45
8 O A N
3 . N
8 35 1\
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NG

1072 10 102 10%

Frequéncy (rad/s)

Figure 9. Bode diagram of the controller system.
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4. Simulation and Experimental Verification
4.1. Experimentation

In order to validate the feasibility of the proposed voltage controller, an experimenta-
tion of the SRG system is carried out. The parameters of the 8/6 SRG system are listed in
Appendix A. Figure 10 depicts the experimental setup. The hardware setup is composed by
a power converter with a dc-link capacitor of 1.8 mF and an induction motor that emulates
the mechanic power of the wind.

Asynchrone Motor

Shaft
Encoder
o /T
Position D.:'
Information
Current
senssor
Load e
Speed :
Speed input
1.8 mF| Controller [~ >F P
s8]
Excitation
Source N\
VDC\ 11-4 yyvy
R
/ = Voltage Current
0 J E / Controller | | Controller
B s
SY =
TMS320F28379D DSP TMS320F28379D

Controller

Figure 10. Experimental test bench.

An asymmetric half bridge converter is used to control the operation of SRG composed.
To measure the position, an encoder is mounted on the rotor of the SRG. The PC indicated in
Figure 10 is used to write, edit and the download the software programs to the Digital Signal
Processor (DSP) which executes the controller algorithms. The control board comprises
a DSP, data acquisition system and interface circuits for the power converter. For digital
implementation of the proposed control, a DSP controller TMS320F28379D from Texas
Instruments is used. The excitation source and load are connected in parallel at the DC bus,
as shown in Figure 10.

4.2. Discussion of Simulation and Experimental Results

To investigate the voltage regulation performances, the simulation results and the
validation experimental of the proposed control strategy for a SRG are presented in this
section. The software MATLAB/SIMULINK is used for the simulation.

The SRG is operated in self-excitation. The SRG requires an external voltage source
to ensure the initial magnetization of the phases. A battery (Vexc = 58 V) in series with a
diode is placed on the DC bus to excite the machine at start-up. The diode keeps the current
returning to the battery during the production. When the capacitor voltage is charged
initially, the battery is automatically disconnected and the excitation current is supplied by
the capacitor. No energy is taken from the battery.
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Figure 11 shows that the controller was able to regulate the DC voltage in 20 s. It
can be seen from Figure 11, when the SRG runs at a stable state with a constant speed
600 r/min, the tracking of the dc voltage to its reference is close enough. We can observe a
good performance of the DC bus voltage regulation. The voltage controller responds very
promptly to follow the voltage reference regardless of some ripples. 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 with overshoot 3 V. Consequently, the PI controller responds faster.
Figure 12a shows the capacitor current, the one phase current of SRG, and the voltage of
DC bus. Due to the noises, the waveforms of the currents (i and ipc) are invisible and
are shown further in Figure 12b. The simulated and measured voltage ripples comparison
under various voltages of the DC bus is presented in Table 1.

90 . . .
80
E 70
O
(=)
” 60
VDC-Experimental
50 f VDC-Simulation
VDC-Reference
40 1 1 1
0 5 10 15 20
T(s)

Figure 11. Voltage generated with PI controller, at Ry = 333 () and w = 600 rpm.

‘!‘ 200V / 2 ~500A B
DC link voltage (Vpc) Current of phase A (iA)
DC link Current (iDC)

(a)

Figure 12. Cont.
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1 = 200v 2 2004 B gR¥F

(b)

Figure 12. Experimental results of SRG: (a) Experimental waveforms of DC link voltage, phase
current, and DC link current for different reference voltage at R, = 333 2 and w = 600 rpm, (b) Zoom
of Figure 12a at Vpc_pef =90 V.

In experimental results, there is a significant reduction of ripples in the DC bus at high
voltage reference. A cause of experimental conditions, there is a difference between the
simulation and the measured results of the voltage ripple. The impact of speed variation on
the DC bus voltage at the resistance load of 333 ohms and at the reference voltage value was
set at 70 V, as shown in Figure 13. The bus voltage is well regulated at the reference voltage
of 70 V. We observe the response times are approximately the same as the experimental
values. The steady state is recovered in 1 s after the first perturbation and 1.5 s for the
second. Figure 14 shows the capacitor current, the one phase current of SRG, and the

voltage of DC bus.
80 T T T T T T T T T
VDC-Experimental
VDC-Simulation
75 F v i
DC-Reference

60 | | | 1 | 1 | 1 |
2 4 6 8 10 12 14 16 18 20

T (s)

Figure 13. DC bus voltage regulation for different shaft speed, at Ry =333 Q) and Vpc_ef =70 V.
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I!‘ 1w0o0v / 2 Tioma @ 3

DC link voltage (VDC) Current of phase A (1A)
DC link Current (iDC)

(a)
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__.—"rf,/ \ -‘_’_,j"’ \
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(b)

Figure 14. (a) Experimental waveforms of DC link voltage, phase current, and DC link current for
different shaft speed at Ry = 333 (2 and Vpcef = 70 V, (b) Zoom of Figure 14a at w = 500 rpm.

In experimentation, the perturbations of speed variation at t; =7 s and f, = 14 s
are well rejected with an increase of 2 V after t; and decrease 5 V after t,. In simulation,
the overshoot after the two perturbations is 2.5 V and 5 V. This transient test shows the
effectiveness of the PI controller strategy during wind speed fluctuation. From Table 1, there
is a decrease in voltage ripples at high speeds. To evaluate the effect of load variation on the
DC bus control, the following test is performed: The reference value of the DC bus voltage
is set to 70 V and the rotation speed is 600 rpm. At ¢t = 12 s, the load resistance decreases
from 400 to 333. The results displayed in Figures 15 and 16 show that the voltage control is
well executed for the different loads. The results demonstrate that the PI controller is able
to keep track of the reference DC voltage despite some ripples. The influence on voltage
ripples has limited with load variation, as shown in Table 1.
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Loa DC-Experimental

60 | step

DC-Simulation

DC-Reference
5 5 1 1 1 1 1 1 1 1

4 6 8 10 12 14 16 18 20
T (s)

Figure 15. SRG operation in self-exited mode under variable load, at w = 600 rpm and Vpc_pef = 70 V.

Load step
Qm 400 Q to 333 Q

I!f 100V / 2 “=100mA @ 3

DC link voltage (Vbc) Current of phase A (ia)
DC link Current (inc)

(a)

B,A\‘x f \'\ L f\\ / ’\/\\ " /\A‘\ / f\\\
TN NN TN TN NN TS

l!‘ 100v / 2 Ts500mA@

(b)

Figure 16. (a) Experimental results (DC link voltage, phase current, and DC link current) under
variable load at Vpc_ief = 70 V and w = 600 rpm, (b) Zoom of Figure 16a at R} =400 Q2.
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Table 1. Voltage ripple comparison between measurement and simulation results.
Torque Ripple Variation Simulation Measurement
70V 1.57% 4.65%
Voltage 80V 1.25% 4.04%
90V 1.18% 3.40%
500 rpm 1.85% 4.65%
Speed 600 rpm 1.67% 4.64%
750 rppm 1.04% 4.62%
Load resistance 333 Q) 1.43% 4.65%
400 O 1.43% 4.65%

5. Conclusions

To improve the performance of the SRG power generation system, the PI control
method is proposed in this paper. The SRG model has used the state-space of the SRG
with look-up tables extracted from the FEM, which increases the accuracy of the model.
An experimental test bench was developed and built to validate the robustness of voltage
regulation of an SRG with PI control. The major contributions of this study are: The SRG
system under the PI controlled method can achieve a rapid response during start-up and
establish the steady state of system. Therefore, the PI control method has a good response
capacity for variable wind speed and load conditions which makes the machine even
more attractive for wind generation systems. The proposed control enables a flat-top of
current waveform with a low ripple and a very low overshoot in the output voltage of
the SRG. The second significant observation we can make is that our control law requires
few computational resources to be implemented with success. The approach discussed
constitutes a viable alternative to complex methods of the design used in the construction
of controllers for SRG systems. Here we can benefit fully from the simplicity of the control
law so that the different specifications can easily be exploited and tested.
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Appendix A

Table A1 shows data prototype 8/6 SRG.
Table A1. Database of 8/6 SRG.

Characteristics Values
Output power 250 W
Current maximum 3A
Inductance (aligned position) 0.14H
Inductance (unaligned position) 0.021 H
Viscous friction 0.01 Nms
Moment of inertia 0.006 Kgm?

Resistance of phase winding 50
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