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Abstract: The paper presents an FPGA-based output voltage control system of a four-
phase switched reluctance generator above base speed. The presented control strategy uses
a digital PI controller to vary turn-off angle at fixed turn-on angle under single-pulse
mode. Simulation tests were conducted based on the simulation model built in the Mat-
lab/Simulink environment. The results of the simulation and laboratory tests as waveforms
of voltages and currents are presented. Based on the presented control system, the depen-
dencies of overall efficiency in the function of turn-on angle and ratio of output power to
rms phase current (Poyt av /Iph ms) in the function of turn-on angle were determined. They
allow for the selection of a proper value of turn-on angle for the optimal performance of
the generator during the output voltage control. The results obtained from laboratory and
simulation tests are discussed in the conclusions.

Key words: switched reluctance generator, single-pulse mode, output voltage control,
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1. Introduction

Switched reluctance machines (SRM) are categorized among machines with an electronic
commutation. Their merits include: simple rotor structure (no windings or permanent magnets)
and therefore low production cost, wide speed range, high-temperature operation and high relia-
bility [1]. By proper selection of control angles (turn-on and turn-off angles), SRM can operate
as a motor or as a generator. However, there are some important differences in control and con-
troller design when high performance is required. The switched reluctance generator (SRG) is
under development for applications that include: hybrid electric vehicles, aerospace and wind
turbines [2—4]. In some applications, both motoring and generating operation is required. We can
consider the integrated starter/generator as an example [5].

The control of the SRM is more complicated for generator operation than it is for motor op-
eration. Moreover, it is also more complicated compared to other types of machines. The control
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of the SRG is typically performed by DSPs [6—7]. However, DSPs cannot be fast enough to meet
timing specifications because control of SRG requires a high accuracy of rotor position detec-
tion and novel control algorithms require fast computation update rate [8-9]. Thus, field pro-
grammable gate arrays (FPGA) have recently become an alternative solution for the realization
of electric machines control systems [10—13]. An FPGA is defined as a matrix of configurable
logic blocks which are linked to each other by an interconnection network which is entirely re-
programmable. FPGAs have highly configurable pins which allow the flexible pin assignment
and they are able to meet the specific electric machine control requirements. The scalability of
hardware within the FPGA is greater than a DSP due to its ability to replicate hardware multiple
times throughout the chip, which is limited only to the size of the FPGA [8]. The block design
of the controller allows the designer to construct the controller in a modular way and each block
can run independently because of the parallel nature of the FPGA. Therefore, the FPGA is a fully
customizable to the requirements of the designers. Compared with languages used by DSPs or
microcontrollers, the VHDL or the Verilog which are used to program FPGAs are independent of
devices and manufactures. Therefore, they can be compatible with different platforms and can be
synthesized into any FPGA without major changes. FPGAs have also disadvantages: they need
many resources for complex mathematical operations since they are not arithmetically-oriented
like DSPs. Thus, a connection of the DSP with the FPGA can be a solution for applications
where control functions are divided between the DSP and the FPGA [14—-15]. The designer can
also take advantage in remodelling the target algorithm in order to reduce the number of oper-
ations to be implemented. Therefore, smart solutions should be taken to avoid including greedy
operators like dividers in their designs. Development times are usually longer in the FPGA due
to an extra step which is required to design the hardware within the chip.

The one of the objectives of the SRG control is to keep the output voltage at a desired value
and it is not possible without a proper control algorithm. Therefore, the control angles should be
changed according to the speed of the prime mover, output voltage and power requirements of
the load. SRG output voltage control systems without analysing performance of the generator are
presented in [12] and [16]. However, control angles should be adjusted online to obtain optimal
performance of the SRG e.g. operation with high efficiency or high ratio of output power to rms
phase current. Below base speed, the controller can regulate control variables, such as, current
level, turn-on angle and turn-off angle. On the other hand, above base speed, a current regulation
is not possible and control angles are the only control variables (single-pulse mode). What is
more, this is more challenging for generation operation because peak phase current for the SRG
occurs when both switches in a power converter are off. In the paper [17], authors present through
simulations the optimal variation of turn-on angle and turn-off angle under minimized excitation
penalty, RMS current, peak phase current or peak flux-linkage above base speed. The simple
equations for optimal control angles for high-efficiency operation based on the optimal control
of flux-linkage are proposed in [18].

This paper presents an FPGA-based output voltage control system of a four-phase SRG above
base speed. The control method uses a digital proportional-integral (PI) controller to regulate
turn-off angle (with fixed turn-on angle) in the single-pulse mode. The complete system is im-
plemented by dividing system functions into reconfigurable modules. The control method was
verified in simulation and laboratory tests and waveforms of voltages and currents were pre-
sented. The simulation tests were developed based on the nonlinear simulation model that was
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built in the Matlab/Simulink environment. Based on the presented control system, the dependen-
cies of overall efficiency in the function of turn-on angle and ratio of output power to rms phase
current (Poyt av/ Ion ms) 0 the function of turn-on angle were determined. They allow selecting a
proper value of turn-on angle for optimal performance of the generator during the output voltage
control.

2. Output voltage control of SRG

The subject of the simulation and laboratory tests is a four-phase 8/6 switched reluctance
machine with basic parameters listed in Table 1.

Table 1. Basic parameters of the SRM

Machine type SRM
Number of phases 4
Number of stator/rotor poles 8/6
Rated supply voltage 24V
Rated power 750 W
Rated speed 3000 rpm

A four-phase SRG converter (the H-type half-bridge) with two controlled power switches
and two diodes per phase which source a resistive load was used in the tested machine. Fig. 1
shows a scheme of the SRG converter system.
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Fig. 1. A schematic diagram of the SRG converter system

A lead-acid battery of 12 V rated voltage is used as an excitement source (to initiate the
generating operation). The battery is only used to initiate first excitement of the SRG (charge
a capacitor C). After the first excitement from the lead-acid battery, the generator operates in
the self-excitation mode. The capacitor C is chosen large enough to assure fairly constant output
voltage at each stroke.
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In generating operation of the SRM, when both switches in each phase are on, the SRG ob-
tains its excitation from the same dc bus that it supplies power to after the both switches are turned
off. The SRG has the tendency of being open-loop unstable, so a closed-loop control is required
to stabilize the system. The one of the objectives of the SRG control is to keep the output voltage
at a desired value and above base speed output voltage can be controlled by changing control
angles in single-pulse mode or by changing average value of excitement voltage (by changing
PWM value) [12]. The classic current regulation is not possible above base speed because the
back-electromotive force (back-EMF) is higher than the dc-link voltage (Uoy ). However, in paper
[19], the author proposed a novel method of controlling the current under a generator operation
of SRM under single-pulse mode. It was called the generator dependent current control (GDCC)
in which the current controller in the outgoing phase depends on the current controller in the
present phase.

Fig. 2 shows a schematic diagram of an output voltage control method where a digital PI
controller varies the width of the magnetization period by changing the value of turn-off angle
B, with fixed turn-on angle 6,,. In both simulation and laboratory tests, the digital PI controller
(with backward Euler) with the following equation was used:

Wk = ulk— 1] — Kelk— 1] +K§e[k], 0

1

where: ulk] is the control variable, u[k — 1] is the previous control variable, e is the error, e[k — 1]
is the previous error, T is the sampling time, 7; is the integral time, K is the proportional gain.
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Fig. 2. A schematic diagram of the output voltage control method

To check whether the control system works properly, a value of turn-on angle 6,, was se-
lected at random in both simulation and laboratory tests. A complex FPGA-based control system
with optimal performance of the SRG (e.g. high-efficiency, high ratio Poyt ay/Zph rms) Where both
control angles are adjusted online will be a subject of future research. The control system keeps
the output voltage at a level of 14.4 V which is a standard electrical system in most automo-
biles [4]. A measured output voltage Uy is compared with a reference value Ut and error e is
directed to the PI controller which varies the value of turn-off angle Oqy.
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3. Simulation tests

3.1. The simulation model

The nonlinear simulation model of the SRG was built in the Matlab/Simulink environment. It
was realized based on the mathematical model presented in [1]. The following assumptions were
taken into account in the simulation model:

— negligibly small couplings between phases,

— magnetic circuit may operate in saturation region,

— negligible core losses.

The measured current-angle-flux and torque-current-angle characteristics were implemented
in Look-Up Table blocks and they were presented in Fig. 3. The SimPowerSystems library was
used to build a power converter. Fig. 4 shows the block diagram of the power converter for a
four-phase SRG.
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Fig. 4. SRG power converter
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Fig. 5 shows a simulation model of the SRG drive. The model is divided into three main
blocks, i.e. the SRG, the Power converter and the Control module in which control logic was
implemented. The initial voltage (for first excitement) was set in the capacitor C block.
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Fig. 5. A simulation model of the SRG drive

3.2. Output voltage control

The simulation tests of the output voltage control method were performed in two variants:

— step change of load at constant speed,

— speed variation at constant load.

In the first variant, tests were conducted at a fixed rotor speed of 3000 r/min. The machine
was simulated during 1.8 seconds. At time ¢ = 0.4 s a load was changed from 2.9 Q to 1.9 Q
while at time ¢ = 1.2 s the load was changed from 1.9 Q to 2.9 Q. A reference voltage was set
to Urer = 14.4 'V and turn-on angle was set to 6,, = 23° (it was assumed that 0° point is in the
position where phase inductance is minimum). Fig. 6 shows the behaviour of output voltage Uqyy,
and load current ijoq during the simulation period.

It is verified through simulation tests that the set reference voltage (14.4 V) was properly
maintained. The voltage fluctuation is about 0.5 V and the recovery time is about 20 ms. These
results show that the control loop is able to keep the generated output voltage in the set value, de-
spite the sudden load change. Fig. 7 shows a waveform of one phase current during the simulation
period.

In the second variant, simulation was conducted at a constant load of 1.9 Q with variable
speed. The machine was simulated during 8 seconds. A reference voltage was set to Uef = 14.4 V
and turn-on angle was set to 6,, = 23°. Fig. 8 shows waveforms of output voltage Uy, and a
trajectory of speed n during simulation.
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Fig. 6. Waveforms of output voltage Uy and load current ijp,q during
step change of load at speed n = 3000 r/min and 6,, = 23°
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Fig. 7. Waveform of phase current iy, during step change of load at
speed n = 3000 r/min and 6,, = 23°
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Fig. 8. Waveforms of output voltage U,y and speed n trajectory at constant
load of 1.9 Q; and fixed turn-on angle 6,, = 23°
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Fig. 9 shows behaviour of one phase current ipy during the simulation period. It was also
verified through simulations that the set reference voltage (14.4 V) was properly maintained
during the entire range of speed variation. These results show that a closed-loop voltage controller
is able to keep the generated output voltage in the set value, despite variation of the prime mover
speed.

t[s]

Fig. 9. Waveform of phase current i, at constant load of 1.9 Q and
fixed turn-on angle 6,, = 23° during speed variation

4. Laboratory tests

4.1. FPGA-based control system

The control system of the SRG was implemented using FPGA Spartan-3AN from Xilinx
(XC3S700AN). The XC3S700AN contains 13248 LCs, 1472 CLBs and 372 user input/output
blocks. The Xilinx ISE Webpack tool was used for the design and development of the FPGA. The
Spartan-3AN board has a 50-MHz oscillator. The logic implemented in the FPGA is subdivided
into different functional blocks representing Verilog entities. A schematic diagram of the FPGA-
based control system was shown in Fig. 10. Most of the modules were synchronized with 50 MHz
clock, the clock generator was used to generate SPI interface send clock (12.5 MHz) and PI
controller clock (1500 Hz). They operate independently from one another due to the parallel
nature of the FPGA.

The ADC_controller entity contains logic to read out the output voltage from AD7606. The
AD7606 is a 16-bit 8-channel ADC with a conversion time of about 4 us. The ADC send SPI
interface was clocked at 12.5 MHz and information from the ADC is known every 10.7 us. The
information from the ADC_controller is compared with a reference value (U = 14.4 V) and er-
ror e is directed to the PI_controller entity where the digital PI controller (based on Equation (1))
is implemented. The encoder_controller entity contains logic, which specifies the actual rotor po-
sition. Moreover, it calculates the speed of the generator. A 720-pulse incremental encoder was
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Fig. 10. A schematic diagram of FPGA-based control system

used and it was mounted on the generator shaft. The detection of all four slopes of encoder sig-
nals gives a resolution of 0.125°. Based on the information from the encoder_controller entity
and from the PI_controller entity, the gate_signals entity generates gate signals of transistors in
the power converter.

4.2. Output voltage control

The laboratory setup was developed to verify the simulated results. Fig. 11 shows a block
diagram of the laboratory setup which consists of the SRG (with details listed in Table 1) and a
prime mover (an induction motor) with a power of 2.2 kW. The induction machine was supplied
from a frequency inverter. Fig. 12 shows a view of the laboratory setup.
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Fig. 11. A block diagram of the laboratory setup
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Fig. 12. The laboratory setup

The laboratory tests were also performed in two variants (step change of load with fixed
speed and variation of speed with a fixed load). A reference value of output voltage was set to
14.4 V. Fig. 13 shows waveforms of output voltage Uy, phase current ip,; and load current ijoaq
during step change of load (from 2.9 Q to 1.9 Q and from 1.9 Q to0 2.9 Q) at speed n = 3000 r/min
and 6,, = 23°.
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Fig. 13. Waveforms of output voltage Ujo,d, phase current ipy, load current ijo,q during step change
of load at speed n = 3000 r/min and 6,, = 23°

These results show that the controller is able to maintain the generated voltage Uy in the
set value, despite the sudden change of load. In the second test, the behaviour of the SRG was



www.czasopisma.pan.pl P N www.journals.pan.pl

IS

Vol. 67 (2018) FPGA-based control of output voltage of SRG drive system 105

verified under speed variation. The SRG was accelerated from 2000 r/min to 4000 r/min and then
it was decelerated from 4000 r/min to 2000 r/min. Fig. 14 shows waveforms of output voltage
Uout, speed n, phase current iy,; and load current ijp5q during acceleration and deceleration. It can
be seen that the output voltage remained at the reference value.
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Fig. 14. Waveforms of output voltage Ujpag, speed n, phase current ipy, load current ijpoq during
speed variation at fixed load 1.9 Q and 6,, = 23°

4.3. Defining the optimal turn-on angle

During the operation of an SRM as a generator, both turn-on and turn-off angles control the
peak phase current so the selection of the best excitation parameters is an important issue [17,
18]. Therefore, the optimal SRG performance (e.g. high-efficiency, high ratio of output power
to rms phase current) can be obtained through turn-on and turn-off angles control, regarding to
load requirements and depending on rotor speed and output voltage. Based on the FPGA-based
output voltage control system presented in part 4.1, the dependencies of the overall efficiency in
the function of turn-on angle and the ratio of output power to rms phase current (Poyt av/ Ioh rms)
were determined during output voltage control at desired value (14.4 V) by changing of turn-off
angle. The turn-on angle value was changed with a step of 0.5°. A Yokogawa WT1600 digital
power meter was used to measure all electric (current, voltage and power) and mechanical (speed)
parameters of the SRG.

Fig. 15 shows dependencies of ratio Pyt av /Iph ms 10 the function of turn-on angle 6,, with
marked points of maximum values at a load of 2.9 Q, U,y = 14.4 V for various speeds (Fig. 15a)
and ataload of 1.9 Q, U,y = 14.4 V for various speeds (Fig. 15b). Fig. 16 shows dependencies of
overall efficiency in the function of turn-on angle 6,, with marked points of maximum values at
aload of 2.9 Q, U,y = 14.4 V for various speeds (Fig. 16a) and at aload of 1.9 Q, Uy = 14.4 V
for various speeds (Fig. 16b). It can be seen in Fig. 16 that the efficiency is not high due to
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lower operation voltage (14.4 V) than the rated value (24 V) and low load power (at 1.9 Q
Ploag = 108 W and at 2.9 Q P,,q = 72 W). However, the purpose of the paper is to focus on the
control method not on the machine for the specific application. The control method should adjust
both control angles to obtain maximum efficiency which is available for given machine working
point.
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Fig. 15. The ratio Poyt av /Ipl1 ms as a function of turn-on angle 6y, at Ugy = 14.4 V and a load of:
(a)2.9 Qand (b) 1.9 Q
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Fig. 16. The overall efficiency 1 as a function of turn-on angle 8, at Uoyt = 14.4 V and a load of:
(a)2.9 Qand (b) 1.9 Q

It can be seen in Figs. 15 and 16 that to obtain the highest ratio of Poyt av/ Iph rms and the
highest efficiency, different values of turn-on angle should be selected. Therefore, the designer
of the control system should decide which condition should be chosen. The analysis of optimal
performance of the SRG will be continued in the future research to build a complex control
system which will be adjusting online both control angles.
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5. Conclusions

In the paper, the problem of output voltage control in single-pulsed controlled (above base
speed) SRG drive was investigated. The output voltage control system of the SRG was imple-
mented in the FPGA based on a digital PI controller which regulates turn-off angle at fixed
turn-on angle. The FPGA-based control systems offer advantages such as a high speed (signif-
icantly reduced execution time), a complex functionality and a low power consumption. These
are very attractive features from the point of view of embedded system design. The results of
simulation tests which were carried out based on the nonlinear simulation model of the SRG
were verified through experimental tests. The results of the experimental tests showed that the
FPGA can be used in control of switched reluctance generators, where a fast and reliable control
system is required. However, FGPAs need many resources for complex mathematical operations
(like dividers) and the implementation of the PI controller and its tuning was hindered. The anal-
ysis of turn-on angle influence on overall efficiency and the ratio of Poyt ay/Iph rms during output
voltage control with variation of turn-off angle showed that turn-on angle should be also online
changed to obtain optimal performance of the SRG. Further research will be carried out to de-
velop a complex control algorithm where both control angles will be online adjusted to obtain
optimal performance of the SRG. Besides the presented dependencies, the other parameters like
excitation penalty and peak phase current will be also taken into consideration.
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