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Abstract: This paper presents a proposal for a new type of regulator for switched reluctance motor
(SRM) drives. The proposed regulator enables a significant extension of the rotational speed range and
drive output power. This regulator is characterized by a complex structure, including two regulation
modules: voltage and phase supply switch-on angle. The voltage module includes a proportional
integral derivative (PID) voltage regulator. During its operation, the value of the phase supply
switch-on angle and the width of the phase supply range are determined as a result of interpolation
of the data previously determined in the simulation program. The other module contains the PID
controller of the phase supply switch-on angle. The values of the angles included in the tables have
been determined so as to ensure that the drive works with the greatest possible efficiency. The control
method is determined based on the current operating parameters of the drive, i.e., torque and speed.
The operation of the regulator was simulated in the MATLAB Simulink program. The regulator
presented here was implemented in a field programmable gate array (FPGA). Tests of the regulator’s
operation in the prototype system were carried out in the field of control of commutation angles.

Keywords: FPGA; PID regulator; switched reluctance motor; controller; regulator

1. Introduction: SRM Control Methods

Each switched reluctance motor (SRM) includes a rotor composed of a package of
magnetic sheets. Therefore, its moment of inertia is much greater than in other motors
such as brushless direct current motors (BLDCs) with permanent magnets in the rotor.
The magnetic flux in SRMs is excited by phase currents. As a result, additional losses
in the windings also reduce their efficiency slightly compared to BLDC machines [1-3].
However, their undoubted advantages include high starting torque value [4,5], good drive
efficiency over a very wide speed range [6,7], no cogging torque from permanent magnets,
and the potential for achieving very high rotational speeds unattainable in other types of
machines. These are the only machines which reach the rated torque value very quickly,
during positioning and start-up. Therefore, they are suitable for applications for which
other types of machines are unsuitable. However, the wide speed range over which
they can function requires the use of very fast control systems. The examples of such a
controller intended for carrying out measurement tests based on a field programmable
gate array (FPGA) device is presented in [8-10]. The disadvantage of the SRM are large
torque pulsations, but they can be limited, for example, by appropriate control [11-14] or
changing the cross-sectional shape [15,16].

The potential for shaping phase current waveforms through the regulation of supply
voltage and commutation angles enables smooth operation even at low speeds. How-
ever, the non-linear mechanical characteristics, similar to those of serial DC motors,
cause significant speed fluctuations when the machine load changes. For stabilization, it is
necessary to use complex regulators [17-21]. Regulators used in drives with typical DC
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motors do not allow for optimal SRM operating conditions. One of the basic advantages of
SRMs is the ability to adjust the commutation conditions to the operating point, which is
impossible in typical DC motors with mechanical commutators. Thanks to the option of
changing the commutation angle [22,23], SRMs have much better operating parameters
compared to DC motors, such as high efficiency over a very wide speed range and a wider
range of speed regulation.

In SRM drives, the electronic commutators enable optimal adjustment of the commu-
tation angle to the motor operating point. Regulation of the supply voltage alone does not
permit the proper use of these properties. In solutions where the only parameter to change
is the supply voltage, and where the machine works at constant values of commutation an-
gles, the values of these angles are most often selected for the rated operating point or in
order to obtain favorable parameters over the widest possible range of speeds and loads.
In such cases, a constant average value of the commutation angles is assumed for the entire
speed range. However, this approach degrades drive parameters such as efficiency and
limits the speed control range. Due to their simplicity and low cost, such control solutions
are used only in low-power drives.

Much better drive properties can be obtained by adjusting the commutation angle
values to the machine operating points [22-24]. In many cases, a simple and effective
solution is the dependence of the commutation angles on the rotational speed. However,
this approach does not enable the full advantages of the machine’s capabilities in all cases.
It is useful where there is a fixed dependence of load torque on speed. An example of this
type of a drive is a fan, where each speed corresponds to a specific value of load torque.
In such drives, where the values of commutation angles are made dependent on speed,
they are indirectly dependent on torque. By changing the values of commutation angles in
accordance with this dependence, it is possible to achieve optimal values of fan operating
conditions over the entire speed range. Additionally, this extends the speed range in
comparison to drives based on simpler control algorithms [25-29].

However, there are a wide range of applications in which the load torque is not a
fixed function of speed, e.g., in vehicles [30-36], where the speed, set by means of changing
the supply voltage, depends not only on the voltage and commutation angles but also
on external factors such as load torque. At the same control parameters, different speeds
will be obtained when the vehicle moves along a flat road and when it drives up a hill [4].
In this case, the optimal values of the commutation angles depend not only on the speed
but also on the motor torque value. In such cases, it is necessary to account in the control
process for the dependence of the commutation angles on two parameters.

Depending on the application and drive characteristics, one of the following two
approaches can be used: selection of either a simplified control algorithm, or a more
complex version that enables the optimization of all drive parameters over the entire range
of speed and load changes. In order to develop such a control algorithm, it is necessary to
determine the optimal dependences of these control parameters on the speed and torque of
the motor. Such tests can be carried out with calculation methods using a mathematical
model of the drive.

Such dependencies should be used in the control process. In order to use the full
speed range of the SRM drive, the controller should consider two control ranges. The first
is a voltage regulation at optimal commutation angles dependences, at a low-speed range.
This range ends when the rated voltage is reached. In second speed range, further speed
regulation is possible by regulation commutation angles at constant values of voltage. In
this work, a regulator of this type is presented.

Most existing SRM drives limit speed control to voltage regulation mode [25,37].
However, it is possible to extend this range. Obtaining a higher speed is possible through
application of an appropriate adjustment of the commutation angles at the rated value
of the motor supply voltage. One important advantage of this method of control is the
potential for increasing the drive speed while maintaining a constant torque value, i.e., in-
creasing the drive power in the high-speed range. However, it is necessary in this regulation
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range to maintain a relationship between the value of the switch-on angle on the phase
supply and the width of the angular phase supply range. This is necessary in order to
obtain a high level of efficiency for the drive. This method of speed control is not usu-
ally used due to the complicated control method required. In order to apply this range
of regulation, typical voltage regulators cannot be used. A controller of this type must
enable the adjustment of two parameters, depending on the instantaneous speed and
torque of the motor. In the lower speed range, the voltage regulator should work, and,
after exceeding the set parameters of the motor operation, the angle regulator should
start working. Depending on the operating state of the motor, in order to obtain a high
level of efficiency for the drive over the entire operating range, it is necessary to set the
appropriate values of the switch-on angle and the width of the phase supply angular range.
During the operation of the voltage regulator module, whilst during the operation of the
phase supply switch-on angle regulator, it is necessary to select the appropriate width of
the phase supply angular range. Similar operating points of the drive can be obtained at
many different combinations of supply voltages and commutation angles, therefore it is
necessary, in order to obtain a high level of drive efficiency, to determine the values of
these parameters in advance. This paper presents a proposal for a new regulator struc-
ture, taking into account the presented assumptions, and demonstrates the method of its
implementation in the FPGA system.

Section 2 discusses the mathematical model designed for calculating drive characteris-
tics. The method of its implementation in the simulation program is presented in Section 3.
Prior to calculation of the motor characteristics, the correctness of the calculation results
was verified by comparing them with the measurement results. Close convergence of the
results made it possible to conduct further analysis of the regulator’s operation based on
the simulation results.

Section 4 then presents the proposed structure of the controller in which the calculated
characteristics of the drive were used. These characteristics describe the dependences of
the control parameters on the speed and torque, enabling a high level of efficiency for
the drive.

Section 5 presents the method of implementing the controller in a prototype system, in
which an FPGA device was used as the control unit. The controller was implemented in the
form of a specialized logical structure. The characteristics of the drive set out in Section 4
were transformed into a form enabling their implementation in a programmable device.
Then, the results of the regulator operation correctness tests are presented. The measure-
ment values were obtained by monitoring the changes in the commutation angles in the
FPGA and comparing them with the results of the simulation.

Section 6 summarizes the results achieved and briefly presents directions for fur-
ther work.

2. Mathematical Model of the Drive

The mathematical model of the drive was formulated using the Lagrange method.
In the simulation model, a hybrid method was used, using the transformation of the
flux ¥ (0, i) relationship calculated in finite element method (FEM) to the form current i
(8, ¥), according to the Hamilton method [38—41]. Due to the large number of calculations,
simplifications were adopted in the model. Neither magnetic couplings between the motor
windings nor motor core losses were included in the calculations.

The Lagrange function £ and virtual work 6A for the SRM motor is as follows:

moh 12
£=Y [ ¥uoi0dic+ 50, M
k=10 2

64 = (v—Ri)oq" + (T, — Db) b, @)
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The mathematical model was formulated on the basis:
4oL oL _a(a) o
dt ox ox  9(dx)’
The electromagnetic torque of an SRM motor is:
ik ¥ (0, ix) 9 i
The final form of the model equations is defined as (5) and (6):
de :
J5; = Te—Ti— DS, 5)
d(¥e(6,i )
iiglﬁzw—m% (6)

where D is the coefficient of losses in rotational motion, i, iy are the phase currents, J is the
rotor moment of inertia, R, Ry, are the resistance values of the phase windings, T, is the
electromagnetic torque, T} is the load torque, v, vy are the voltages of the phases, x is the
vector of generalized coordinates, 6 is the rotor position angle, and Yy (6, i) is the magnetic
flux associated with the kth phase.

The motor was powered from a typical SRM power supply system consisting of asym-
metric H-type transistor half-bridges. All phase windings were supplied with unipolar
voltage from a separate half-bridge.

During the drive operation, three states of the power supply system were taken
into account:

- The power supply state in which the transistors are switched on when the switch-on
angle position is reached:
O = V- ZUT/ (7)

- Theidleloop state, to which the system is switched during the pulse width modulation
(PWM) state and in the current limitation mode:

Uy = —UT — Up, 8)

- And the state of energy return to the source, in which the system is switched on when
the switch-off angle position is reached:

Ok = V- 2UD/ (9)

where V is the supply voltage, vr is the source drain transistor voltage, and vp is the
diode voltage.

3. Simulation of the Drive
3.1. Determination of Model Parameters

The calculations were carried out for a drive with a three-phase SR motor supplied
from a 230 V power converter. The rated motor power was 750 W at 3000 rpm. Magneto-
static calculations of motor parameters were performed in the FEMM program. Figure 1
shows its basic characteristics as obtained from calculations and measurements for verifi-
cation of the motor model. Full motor characteristics determined in the FEMM program
were used for calculations in the simulation program.
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Figure 1. Calculated and measured characteristics of electromagnetic torque 7.

The simulation program was developed in the MATLAB Simulink environment.
In the simulation program, the motor phases were modelled in the form of three identical
modules to which the rotor position angle signal, offset by 120 degrees, was connected.
This enabled calculations to be made for all phases using the same data, obtained from
magnetostatic calculations. Current and electromagnetic torque values during the simula-
tion for instantaneous values of magnetic flux and rotor position angle were determined
by interpolation of these data with second-degree spline functions and extrapolation with
linear functions.

The motor simulation model was based on two data tables: dependence of the phase
current on the magnetic flux and the rotor position angle, and the electromagnetic torque
from the phase current and rotor position angle [42], presented in Figure 2.

25 T |(Nm)
i(A)

7
y 0.8

y
7
.

0.4 7
0 .
A (rad) -04

Figure 2. The dependences of the phase current i on the magnetic flux ¥ and the rotor position angle 6, and the motor
electromagnetic torque T, on the phase current i and the rotor position angle 6.

3.2. Determination of Control Characteristics

The model, shown in Figure 3, consisted of three main modules. The SRMotor module
included a motor model based on the previously presented current and torque relationships.
The Commutators module determined the angular range of the phase supply. The motor
was powered in unipolar mode from a typical SRM power supply system consisting of
asymmetrical half-bridges, which was the PowerSupplySystem module. The Measurement
module enabled the determination of average and RMS values of the voltages, currents,
and torque. The other modules were used to define the values of angles and load torque.
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Figure 3. Simulation model of the switched reluctance motor (SRM) drive.

In addition to the motor and power supply modules, the simulation model included
a module for determining the angular intervals of phase supply. This module operated
based on the values of three commutation angles: phase supply switch-on &,, and switch-
off ayy angles, and phase supply angular range Ax = ao — aon. The last main module
contained a model of the motor mechanical system and load.

An open structure model was used to determine the dependences of control parame-
ters on speed and torque. The only current feedback circuits operating in this model were
current limitation systems in the motor phase winding power supply circuits. Calculations
were made in the adopted calculation grid presented in Table 1.

Table 1. Ranges of control parameter values and their changes.

\% A« Kon T

A" deg deg Nm

lower limit 75 30 —26 0.5
upper limit 300 40 -2 4.0
change in variable 25 2 0 0.5

Based on the results, the relationships between control parameters and speed at
different torque T}, values were determined.

Figure 4 shows examples of the obtained dependences of (a) speed n and (b) torque
Ty, on the value of the constant switching angle a,, and the supply voltage V, obtained for
a constant width of the supply interval Ax. On the basis of these dependences, the power
supply parameters for which the highest values of the function (10) were obtained for the
same values of speed n and torque T, were determined.

_ 1
f—m (10)

where 7 is the drive efficiency, and I, 4, is the average value of the phase current.
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T (Nm)

(b)

Figure 4. Dependences of control parameters on (a) speed # (at a constant value of torque of 2.5 Nm) and (b) torque T, (ata

constant speed of 3000 rpm) for a supply angular range of 30 degrees.

3.3. Verification of Simulation Results

The model was adapted for calculations at a given torque value. Significant differ-
ences were obtained between drive parameters at similar operating points with different
control parameters. This was confirmed by the data shown in Table 2 containing examples
of the measured current and efficiency values obtained for two drive operating points.
The presented examples show that similar work points can be obtained with many different
sets of control parameters. The performed measurements correspond approximately to two
operating points of the drive and show how the selection of control parameters (voltage
and commutation angles) significantly affects the obtained efficiency values.

Table 2. Two examples of measurement results of the drive parameters obtained for similar operating
points at different values of the control parameters.

Kon Ax 1% Tr n Py, ) Iph av Nm Na

deg deg \4 Nm rpm \ A A % %
—37.0 30 197 2 1652 346 2.58 2.24 73 69
—41.5 30 152 2 1594 334 2.93 1.80 81 77
—46.0 30 126 2 1601 335 3.49 1.80 83 78
—47.5 30 124 2 1663 348 3.67 1.85 82 78
—35.5 30 124 2 947 205 2.80 2.30 65 59
—40.0 30 102 2 974 208 2.88 1.75 77 71
—46.0 30 75 2 896 193 3.70 1.80 75 69
—47.5 30 74 2 922 198 3.87 1.84 75 68

The table contains the obtained mean values of the supply current I; 4, phase current
Lph av, motor efficiency 17, and drive efficiency 774 for similar operating points and different
control parameters: supply voltage V, switch-on angle ao,,, and switch-off angle otz

For the parameter set V = 126 V, a,;, = —46 degrees, and Aax = 30 degrees in the
examples presented, the drive efficiency was approximately 0.78; for the parameter set
V=197V, apy = —37 degrees, and Aa = 30 degrees, this efficiency was approximately 0.69.
Due to these differences, it was necessary to determine the optimal control parameters and
to include them in the control process of the drive. For the second operating point, the dif-
ferences in the efficiency of the drive also reached 10%, for different control parameters.

The presented examples show that, in the case of SRM drives, the regulator should be
characterized by a more complex structure than in the case of drives with DC motors.

The correctness of the simulation results was confirmed by performing a series of
calculations for various operating points in a wide range of speed, torque, and control
parameters for which the measurements were performed. Sample results for different
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values of the commutation angle and supply voltage are shown in Table 3. On the other
hand, Table 4 shows the results of the measurement verification for different values of the
load torque and commutation angles at a constant voltage value.

Table 3. Measurement verifications of calculation results for various values of supply voltage.

Operating Point Measure Simulation Relative Error
T Kon Us n Is v N Is oo Sn 6;
Nm deg \Y% rpm A Rpm A % Y%
2.03 —38.5 125.2 1110 2.69 1141 2.38 —2.8 11.4
2.04 —38.5 174.6 1561 2.64 1613 2.37 —3.3 10.1
2.06 —38.5 226.5 2024 2.64 2105 2.39 —4.0 9.5
2.07 —43.0 124.7 1380 3.13 1352 2.84 2.0 94
2.03 —43.0 1745 1960 3.03 1945 2.81 0.7 74
2.00 —43.0 225.8 2546 297 1548 2.79 -0.1 6.2
2.04 —47.5 124.2 1663 3.67 1584 3.35 4.8 8.6
2.02 —475 176.4 2412 3.57 2305 3.35 44 6.2
2.02 —47.5 223.9 3061 3.53 1928 3.42 44 32

Table 4. Measurement verifications of calculation results for various values of torque.

Operating Point Measure Simulation Relative Error
T Xon Us n T N T On 0
Nm deg \% rpm Nm Rpm Nm % Y%
1.50 —40 226.8 2394 2.25 2428 2.02 —14 10.3
1.51 —43 227.0 2804 2.53 2775 2.34 1.0 73
2.52 —40 224.7 2051 3.13 2108 2.92 -2.8 6.8
2.53 —43 224.0 2341 3.44 2351 3.25 —0.4 5.3
2.54 —46 223.3 2651 3.84 2590 3.64 2.3 54
3.53 —40 221.6 1857 3.99 1826 3.63 1.7 9.1
3.50 —43 2222 2107 4.30 2088 4.07 0.9 5.2
3.54 —46 220.9 2331 4.76 2252 4.49 34 5.8

Examples shown in Tables 3 and 4 cover a wide range of control, torque, and speed
parameters. The results show a good convergence of calculations and measurements.
This allowed testing the regulator in the simulation program.

4. Simulation of the Regulator
4.1. The Proposed Regulator Structure

The drive with proposed voltage and commutation angle regulators, taking their
dependence on speed and torque into account, is shown in Figure 5.
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Current System
controller clock LED
Phase User
supply interface
Encoder Position Keyboard
controller controller
Speed Speed
controller regulator

Figure 5. Structure of the system with the proposed regulator.

The drive has a typical structure and differs from the others by the speed regulator,
which takes into account two regulation ranges: voltage regulation range and switch-on
angle regulation range.

The structure of the proposed regulator is based on previously calculated optimal
dependences of control parameters on speed and torque, which were calculated in the
simulation program. This regulator was characterized by a complex structure. The input
signals of the controller comprised a speed signal from the encoder module and a torque
signal determined indirectly based on measurements of the supply current value.

In the design of the regulator, two methods of speed regulation were considered.
The control method changed depending on the results of a comparison of the rotational
speed with the value of the switching function. This function determines the relationship
between the speed and the torque value for 95% of the nominal voltage value. The basic
adjustment range included the low-speed range. Within this range, the adjustable param-
eter was the supply voltage. The angle values were adjusted to the instantaneous speed
and torque values, according to the calculated relationships. This range of regulation
ended when a voltage near the rated voltage is reached. The speed of SRM drives could be
further increased at constant voltage value by changing the switch-on angle. In this range,
the value of the switch-off angle was still adjusted to the current speed and torque value
by adding an optimal supply range value from the table to the switch-on angle. The out-
put signals from the regulator comprised the PWM supply voltage, switch-on angle, and
switch-off angle. The proposed structure of the regulator is shown in Figure 6.

The regulator required a torque signal for operation. In the absence of a torque sensor,
the measurement signal of the supply current could be used at a constant supply voltage.
However, due to its pulsating character, it required pre-filtering. For this purpose, a digital
filter which averages the current value over the period of its pulsation (over a given range of
the rotational angle) was used. Then, based on the average value of the supply current and
the instantaneous speed value, the electromagnetic torque value was calculated. The motor
torque was then determined based on this value and the efficiency characteristics as a
function of speed (module Table  (n) on Figure 6). For these calculations, the approximate
dependence determined for the rated torque value using (10) was used.
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Figure 6. Structure of the proposed regulator for SRM drive.

The speed signal was sent to the regulator from the optical incremental encoder
through a module implemented in the FPGA device. Signals prepared in this way were fed
to the regulator module input. The regulator contained two PID modules and two modules,
enabling non-linear determination of the optimal values of the switch-on and angular
supply range angles. These parameters corresponded to the maximum drive efficiency
and minimum value of phase current at different speeds. As a criterion for evaluation,
the function was assumed (10).

Based on previous calculations, the optimal values of commutation angles were deter-
mined as a function of the values of supply voltage V, rotational speed #, and torque Tj,.
Each set of these parameters corresponded to a specific rotational speed value. Figure 7
shows the determined dependences of a switch-on angle «,, and phase supply angular
range Aw vs. rotational speed n and torque T},.

g, (deg) — ] Aa (deg) — I I
=307 40

¥
40 38 - c

,50 —
34
,60 -
ol *2 30 ~:;”N‘_ ML 4
0 2000 400;;_7‘%7&777_*\—6’/ 10,000 7500 500T\x\1
n (rpm) 8090 8000 10,000 4 T, (Nm) n (rpm) 2500 o o T (Nm)

Figure 7. Dependence of the switch-on angle «,, on rotational speed n and torque T}, and the phase supply angular range
Aa on rotational speed n and torque Ty,.

4.2. Model Implementation and Simulation Results

The simulation model of the regulator was developed in the MATLAB Simulink
program, then implemented in the SRM drive simulation model shown in Figure 3. The de-
pendences of commutation angles on speed and torque as well as the dependence of
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averaged efficiency on speed were implemented in the form of tables. The intermediate
values in the tables were calculated using first-degree spline functions. The switch (module
Function ny > ns (T),) on Figure 6), which changes mode of the regulator of switch-on angle,
between interpolated values from the table and the calculated value in the PID regulator,
was realized in the form of a linear function. The developed model of the regulator is
shown in Figure 8.

Aod ‘
+ ot {4)
- sync3
Coe————
Out_voltage radis2rpm
= =
synci
switching_speed
flu) o
2D Tl
ul
Mean
supply_current
e | “2 o e 52
Qut_alpha_on F < -
P_on SwitchOnAngle Sat2 2(_ Freq e
Efficiency sync
1D Tiu)

Qut_alpha_off

2D T(u)
ul

& . |

AngleRange

Figure 8. The regulator model in MATLAB Simulink software.

Using the simulation model, calculations of the drive mechanical characteristics with
a typical voltage regulator as well as the proposed voltage and switch-on angle regulator
were performed. Table 5 present simulation results obtained for the rated data and those
declared by the motor manufacturer.

Table 5. Motor rated data and results of simulations of the drives with a typical voltage regulator and the proposed voltage
and switch-on angle regulator.

Type of Control System T Mmax P o ras Son Ae
Nm rpm w A deg deg
Rated data of the motor 2.39 3000 750
Control system with typical voltage regulator 2.39 3005 752 2.7 —41 30.0
Control system with voltage and switch-on angel regulator 2.39 4750 1190 3.7 —57.8 35.3

For a typical power supply system with a voltage regulator, the results were consistent
with those declared by the manufacturer. For the system with the proposed voltage and
switch-on angle regulator, the speed control range was wider by 58% at the rated torque
value, and the drive power increased to 1190 W.

The disadvantage of this solution is the increase in the phase current RMS value
in the regulation commutation angles mode, resulting in an increase in winding losses.
At the beginning of this range, the increasing phase current value is small, and grows
with the speed. In motors adapted to simultaneously supply the two phases, this is not a
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limitation. In motors adapted to sequential phases supply, limiting the operating time in
this mode may be required.

5. Implementation and Tests of the Regulator in the FPGA Device
5.1. Implementation of the Regulator

The controller was made on the basis of the FPGA device [43] of the Virtex series.
In the FPGA device, the dependences of the switch-on angle and phase supply angular
range on rotational speed for different torque values were implemented, using the first-
degree spline function. These functions were determined for all values of torque in the
calculation grid.

Based on these functions, values of commutation angles were determined for instanta-
neous rotational speed values for the adjacent torque values in the table.

Then, the coefficients of the linear functions, depending on the motor torque passing
through these points, were determined. The coefficients a and b of Equations (11) and (12)
were calculated.

%on (1, Tyuk) = aon T + bon (11)

AD‘(”; ka) = apa T +bAlX (12)

Then, the values of these functions were calculated for the current torque value.
Next, the coefficients of the linear functions passing through these points were determined.
From these functions, the values of the optimal switch-on angle and the supply angular
range were calculated for the instantaneous value of the rotor position angle and torque.
The method of determining the instantaneous values of the commutation angles on the
basis of the data from the tables is shown in Figure 9.

Vv

a =const

a=const (11, Tnt)

a(To))=an+b
a(nk,Tmo) ( ]) ] !

a=consi
o (Tm()) =aon+bg

o =const

& on W & o

Figure 9. Method of calculation of the values of commutation angles in the field programmable gate
array (FPGA) device.

These relationships are implemented in FPGA in the form of spline functions. In the
FPGA controller, these functions have been converted to signed integer types.

In the low-speed range, the values of the switch-on and switch-off angles were deter-
mined from the tables based on speed and torque values. After reaching the rated value,
the voltage remained constant. Instead of the matrix signal, the signal from the PID
controller output was redirected to the switch-on angle output of the control system.
An additional increase in speed was obtained by increasing the advance value of the
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switch-on angle. During this time, the value of the switch-off angle a.y was still deter-
mined based on the value of the phase angular supply range A« table, depending on speed
and torque.

As a control unit, a prototype module with an FPGA Xilinx programmable device
was used. Signal transmission between the power module and the control unit was
implemented via current loops. A block diagram of the controller implemented in the
FPGA device is shown in Figure 10.
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Figure 10. Schematic diagram of the control system implemented in the FPGA device.

The LCD_Disp module acts as the user interface. It enables setting control parame-
ters and their display on the LCD. The segDisControl module supports an LED display.
This module displays current operating parameters such as currents or speeds. An addi-
tional module of the user interface is a serial interface komArch_PC. Modules COM_Meas
and CtrCurrentMax perform current measurement and current limitation, respectively.
The EncoderControl module detects the angular position of the rotor. The ave_speed and
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aveSpeedSlow modules measure the speed. The ControllerSpeed module contains the pro-
posed regulator, and the MotorControl controls the sequence of supply of the motor phases.

This control system, in open-loop version, consisted of a user interface equipped with a
typical four-button keyboard with a serial menu and a two-line LCD alphanumeric display.
The current version of the user menu was extended with the speed setting function.

In the open-loop version of the system it worked in an open loop, and switch-on and
switch-off angles values were set from the user interface. This module also received a
signal from the PWM voltage regulator. This signal switched output transistors at angular
intervals resulting from the control algorithm as well as signals from the phase current
limitation system. In this system and in the power circuit, 12-bit current sensors with an
serial peripheral interface (SPI) interface were used. The measurement results were sent
from the sensors to the controller at a speed of up to 80 kilosamples.

For detection of the rotor angular position, an incremental encoder operating at
360 pulses per revolution was used. In the FPGA, the resolution was increased four-fold,
using the decoding of all signal edges in both encoder channels.

The signal delays in the FPGA encoder module were approximately 15 ns. However,
due to the signal transmission systems between the FPGA and peripheral modules, the total
delays introduced in the control system from the appearance of a signal slope from the
encoder to the setting of the appropriate configuration of signals controlling the output
transistors were about 0.7 us.

The FPGA controller structure was expanded to include a regulator module. This mod-
ule comprised three parallel operating modules, including one with a multiplexer, used to
switch on the PID regulator of the switch-on angle upon reaching the value of the rated volt-
age. A schematic of this module is shown in Figure 11.
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Figure 11. Block diagram of the proposed regulator implemented in the FPGA device.

According to the schematic of the regulator shown in Figure 6, the modules presented
in Figure 11 perform the following functions:

- PIDcontroler—the PID voltage regulator;
- tabLon—the table of switch-on angle values;
- tabLzas—the table of supply angular range values;



Energies 2021, 14, 1423

15 of 22

- PID_Lon—the PID switch-on angle regulator;

- LowPassFilter—the low pass filter for calculations of current average value, synchro-
nized with phase supply cycle;

- switch_Usupp—the module for switch-on angle regulation range determination;

- sumLon—the module for switch-on angle value determination from the PID regulator;

- sumator—the module for determination of the switch-off angle values;

- calcul_P_T—the module for torque value calculations based on average current values.

The modules implemented in the FPGA device, shown on the scheme in Figure 11,
corresponded to the modules in the block diagram of the regulator presented in Figure 6.
Module PIDcontroller corresponds to the voltage regulator and module PID_Lon corre-
sponds to the switch-on angle regulator. The tabLon and tabLzas include tabular depen-
dences of switch-on angle and phase supply angular range values, and corresponding to
Table aoy (1, Try) and Table Ax (1, Ty) modules shown in Figure 6, respectively.

The LowPassFilter and calcul_P_T modules marked in Figure 6 as Low Pass Filter and
Table 7 (n) are used to determine the value of torque. They contain a low-pass filter of the
supply current and the dependence of efficiency vs. speed.

The functions of mode switch module Function n; > ns (Ty,;) and multiplexer MUL
module in the schematic in Figure 6 fulfill the FPGA switch_Usupp module. On the output
of this module, the value of the switch-on angle direct from the array of tabLon or through
the sum_Lon module which adds the value from the PID_Lon regulator is set.

The sumator module calculates the value of the switch-off angle, based on the current
switch-on angle value o, downloaded from the switch_Usupp module output and the
value of the phase supply angular range Ax, from the table contained in the tabLzas module.

The values of the gain coefficients of the PID controllers were determined in the
simulation program for voltage and switch-on angle regulators.

5.2. Tests of the Regulator

The correctness of the regulator implementation was tested by comparing the values of
commutation angles and torque determined in the FPGA system with the values obtained
from the simulation. The range of switch-on angle values at the output of the PID controller
was limited to two degrees (Figure 8, module Sat1); therefore, the maximum difference of
the switch-on angle value at the controller output in relation to the data stored in the table
did not exceed this value.

In order to visualize these dependences of control parameters on speed and torque value,
a USB module was implemented in the FPGA system, thanks to which speed waveforms
and the corresponding changes in control parameters were recorded in the computer.

Measurements were made at constant speed value by changing the load torque and at
constant load torque by changing the rotational speed. The calculations in the simulation
model were carried out for the operating states in which the measurements were made.
The torque values calculated in the FPGA system on the basis of the measured supply cur-
rent values were compared with the simulation results in the MATLAB Simulink program.
In the course of the measurements, the relationships of the commutation angles to changes
in the value of the load torque and rotational speed were recorded. Figures 12 and 13
present a comparison of the obtained waveforms. The blue waveforms show the simula-
tion results obtained in MATLAB Simulink, while the red waveforms were calculated in
the FPGA system and archived in a text file on the computer via a USB port. The first ex-
ample (Figure 12) shows the changes in control parameters in accordance with the adopted
optimization criterion during changes in the load torque at constant speed.
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Figure 12. Load torque waveforms and corresponding values of commutation angles with load changes at constant

rotational speed.

The first graph shows the speed waveforms obtained from the simulation and mea-
sured in the FPGA system, based on the signals from the incremental encoder. The second
shows the waveform of torque obtained from the simulation in MATLAB Simulink and cal-
culated in the FPGA system, based on the value of the measured supply current. The next
charts show the values of the commutation angles: the switch-on angle, the switch-off an-
gle, and the phase supply angular range, obtained from the simulation and calculated in
the FPGA controller, for the presented speed and torque waveforms.

The example presented in Figure 13 shows the reaction of the system to changes
in the set speed value at a constant load torque. The first diagram shows the speed
waveforms measured in the FPGA system and similar conditions set in the simulation pro-
gram. The second diagram shows the torque waveforms obtained from the simulation
in MATLAB Simulink and calculated in the FPGA system based on measurement values
of the supply current. The following diagrams show the corresponding values in the
commutation angles: switch-on angle, switch-off angle, and phase supply angular range,
obtained from the simulation and calculated in the FPGA system.
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Figure 13. Speed waveforms and corresponding values of commutation angles at constant load torque.

The measurements results are shown in Figure 12, which were made at a speed higher
than the maximum speed obtained in a drive with a typical voltage regulator. On the
other hand, in Figure 13, at a speed about 3200 rpm (t = 9.6 s), the angle regulator was
switched on. The speed of 3200 rpm is the maximum speed with a load torque of 1.5 Nm
that can be achieved in a drive with a typical voltage regulator.

Table 6 summarizes the results obtained from simulation, in the FPGA device and
stored in the tables, for various operating points:

- For the voltage regulator operating range;

- For the voltage regulator operating range directly before switching on the switch-on
angle regulator;

- For the switch-on angle regulator operating range directly after switching;

- For the switch-on angle regulator operating range at the rated voltage.
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Table 6. Comparison of tabulated values, simulation and calculations results in an FPGA device.

Voltage Regulator Operating Range

Name Unit Table Model FPGA AEPGA-tab Asym-tab SFPGA-sym

Speed rpm 2829 2829 2833 0.00 4.00 0.14%

Torque Nm 1.63 1.60 1.59 —0.03 —0.04 —0.63%
Switch-on angle deg —41 —41 —41 0.00 0.00 0.00%
Switch-off angle deg -1 -1 -11 0.00 0.00 0.00%

Voltage regulator operating range before switching on the switch-on angle regulator

Name Unit Table Model FPGA AFPGA-tab Asym-tab JFPGA-sym

Speed rpm 3176 3176 3179 0.00 3.00 0.09%

Torque Nm 1.65 1.63 1.63 —0.01 —0.01 —0.01%
Switch-on angle deg —41.08 —41.08 —41.25 0.00 -0.17 0.41%
Switch-off angle deg —11.08 —11.08 —11.25 0.00 —0.17 1.53%

Switch-on angle regulator operating range after switching on

Name Unit Table Model FPGA AEPGA-tab Asym-tab SFPGA-sym

Speed rpm 3217 3217 3229 0.00 12.00 0.37%

Torque Nm 1.65 1.64 1.64 —0.01 —0.01 0.00%
Switch-on angle deg —41.11 —43.11 —43.25 —2.00 —2.14 —0.33%
Switch-off angle deg -11.11 -13.11 —13.25 —2.00 —2.14 —1.07%

Switch-on angle regulator operating range

Name Unit Table Model FPGA AFPGA-tab Asym-tab JFPGA-sym

Speed rpm 4030 4030 4029 0.00 —1.00 —0.02%

Torque Nm 1.66 1.66 1.66 0.00 0.00 0.01%
Switch-on angle deg —44.96 —46.96 —46.75 —2.00 -1.79 0.45%
Switch-off angle deg —14.75 —16.74 —16.5 —-1.99 —1.75 1.43%

The table summarizes the values of speed, torque, and commutation angles, as well
as differences between the values obtained in FPGA Appga-tap and from the simula-
tion Agym-tap, and those determined from the tables. The last column contains the error
values 0ppGa-sym determined for the regulator implemented in FPGA in comparison to the
simulation results.

6. Conclusions

The implementation of optimal dependences of commutation angles on voltage, speed,
and torque values enabled the system to operate at a high level of efficiency. The structure
of the presented regulator enables the use of the full speed range and selection of optimal
values of control parameters. The use of an averaging filter for the repetition period of
supply current prevents changes in the values of commutation angles during the phase
supply cycle.

The use of the FPGA device to implement the controller enabled experimental tests
to be performed over a wide speed range without introducing significant delays in the
control process. During changes in load torque within the lower speed range, the supply
voltage was regulated by the PID regulator; the angle values changed based on tabular de-
pendences in order to maintain a high level of efficiency. In the high-speed range, the phase
supply voltage remained constant, whereas the phase supply angles were corrected by the
angle-on PID regulator. In order to obtain optimal working conditions, the switch-off angle
value was corrected based, in both cases, on tabular dependences.
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The switching function worked properly, causing only slight voltage fluctuations
when the regulator operating modes were changed. The close convergence of the mea-
surement and simulation results enabled further testing of the drive operation in the
simulation program.

Implantation of the optimal dependence of the commutation angles on the supply volt-
age, speed, and torque in the control system enabled the drive to operate at a high level
of efficiency. Calculated efficiency values were obtained after reaching a steady state.
In dynamic states, these values will be close to the established results, provided that the
changes are slow. During rapid changes in speed or load torque, additional energy is
drawn or returned to the power source, depending on the type of these changes, due to the
rotor moment of inertia. However, after reaching a steady state, the system will return to
the determined characteristics. In typical SRM drives, speed regulation is limited to the
range achieved with voltage regulation. At the same time, within this range, values of
commutation angles are changed according to a predetermined relationship or by an ad-
ditional controller. Very often, the adjustment of commutation angles is limited to the
adjustment of the switch-on angle, at a constant value of the angular supply range.

The structure of the presented regulator enables the use of the full range of speed
regulation with the simultaneous selection of the values of the control parameters.

The regulation range was extended by the adjustment of commutation angles at the
rated value of the supply voltage. This adjustment allows the nominal torque value to
be maintained. As a result, an expansion of the drive operation range (while maintaining a
rated torque by 58% compared to drives using only voltage regulation) was obtained.

For the operation of the regulator, it is necessary to know the value of load torque,
determined indirectly on the basis of the average value of the supply current. Current mea-
surement results are averaged over the period of the phase supply cycle, which prevents
changes in the values of the commutation angles during phase supply. In order to de-
termine the torque more accurately within the low-speed range, the system additionally
accounts for the approximate dependence of the motor’s efficiency on the rotational speed.

To implement the controller, an FPGA device was used. This enabled the system
operation to be tested over a wide range of speeds without introducing significant delays
in the control process, and to use the controller for high-speed SRM drives.

In this project, an FPGA device was used to minimize control delay during drive
tests and to limit errors in high-speed range. This regulator can also be implemented
in microprocessors.

In terms of costs and system solutions, the drive does not differ significantly from
typical solutions. Such a system should include sensors of the angular position of the
rotor and the supply current. The main difference between this drive system and typical
solutions is the change of the implemented control algorithm.

During the speed reference or load torque changes, the PID voltage regulator is
used within the lower speed range and the angle values are changed based on tabular
relationships in order to maintain a high level of efficiency. In the high-speed range,
the phase supply voltage remains constant, while the PID switch-on angle regulator is
used and the width of the phase supply range is changed based on tabular relationships.
The angle regulator is activated according to the adopted switching function.

The mode switch worked properly, causing voltage fluctuations of only a few per-
centage points, when switching the regulator operating modes. Close convergence of the
simulation results with the experimental tests was obtained.

The results of the simulations demonstrate the correct operation of the regulator.
The values of the angles after reaching steady states were consistent with the predeter-
mined results. Moreover, the values of the angles during the experimental tests from the
regulator circuit implemented in the FPGA were consistent with the values determined in
the simulation process, indicating the correct implementation of the regulator.

The next stage of this research will involve long-term tests of the drive with the
developed regulator in a small electric vehicle. These tests will include measurements of the
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drive parameters at operation in dynamic states and adjustments of the regulator settings.
The influence of using the regulator on thermal conditions of the motor operating in the
extended speed range, with power greater than that rated, will also be examined.
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