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Abstract: This paper presents a fixed-switching-frequency model predictive current controller using
multiplexed current sensor for switched reluctance machine (SRM) drives. The converter was modified
to distinguish currents from simultaneously excited phases during the sampling period. The only
current sensor installed in the converter was time division multiplexing for phase current sampling.
During the commutation stage, the control steps of adjacent phases were shifted so that sampling time
was staggered. The maximum and minimum duty ratio of pulse width modulation (PWM) was limited
to keep enough sampling time for analog-to-digital (A /D) conversion. Current sensor multiplexing
was realized without complex adjustment of either driver circuit nor control algorithms, while it helps
to reduce the cost and errors introduced in current sampling due to inconsistency between sensors.
The proposed controller is validated by both simulation and experimental results with a 1.5 kW
three-phase 12/8 SRM. Satisfied current sampling is received with little difference compared with
independent phase current sensors for each phase. The proposed controller tracks the reference
current profile as accurately as the model predictive current controller with independent phase
current sensors, while having minor tracking errors compared with a hysteresis current controller.

Keywords: model predictive control; current controller; fixed switching frequency; multiplexed
current sensor; switched reluctance machine

1. Introduction

Due to advantages such as simple and rugged motor construction, high working temperature,
and low cost, switched reluctance machine (SRM) drives are becoming viable candidates for industry
applications [1,2]. The primary disadvantages of SRMs are torque ripple and acoustic noise. Torque ripple
is a consequence of the nonlinear nature of the torque production mechanism [3], while the origin of
vibration is the sudden change of radial force when power switches acts [4].

Current profiling is a frequently used method to minimize the torque ripple of SRMs. The current
profiles can either be determined through the torque waveform of each phase according to torque-sharing
functions [5,6], or derive from a multiobjective optimization considering torque ripple, power loss,
and speed range [7]. A high-performance current regulator is then needed to follow the reference
profile accurately; the current controller has a relatively high effect on the performance of SRM drive.
However, the highly nonlinear electromagnetic characteristics of SRM result from doubly salient structure
and magnetic saturation, leading to difficulty in modeling and control [8]. There are two primary
approaches to current control in SRMs: hysteresis control [9,10] and pulse width modulation (PWM)
control [11,12]. A hysteresis controller is also called bang-bang controller, which tries to keep the phase
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current within the hysteresis band. Hysteresis controllers are effective in regulating the phase currents
with a good dynamic response, but may lead to high current ripples in the low inductance region
of SRM due to rapid current rise; moreover, the inverter switching frequency varies unpredictably,
which may deteriorate vibration. PWM current controllers have the advantage of fixed switching
frequency, and various methods have been used to determine the duty ratio of PWM. In [12], the
Proportion-integral (PI) method based on linearized inductance profile was used, and the PI controller
had poor performance in face of rapidly changing phase inductance. In [13], a novel high-performance
current controller based on iterative learning was proposed without the need of an accurate model.
In [14], a sliding mode controller was presented to ensure stability considering modeling errors.
Model predictive control (MPC) is a promising method for handling the nonlinear characteristic of
SRM, while providing good dynamic, reduced current ripple, and maintaining a fixed switching
frequency. In [15], a special predictive control which tried to eliminate the tracking error in a single
step was proposed. In [16], a predictive control method adapted to model errors was proposed.
In MPC, each phase of SRM can be controlled asynchronously, which enabled MPC for current sensor
multiplexing between phases. Sensor umultiplexing leads to a reduced number of current sensors,
which not only reduces the cost and volume, but also reduces the additional errors introduced in
current sampling due to baseline drift and different magnification factors between sensors.

Current sensor multiplexing technologies have been used in drive systems for permanent magnet
synchronous motors, brushless dc motors, and induction motors [17-19]. Most sensor multiplexing
methods are based on Kirchhoff’s current law (KCL) which states that the sum of currents from all
phases is zero, however, it is inapplicable for SRM due to separate windings. For SRM, pulse injection
is an effective method for current sensor multiplexing. In [20], a novel phase current reconstruction
method was proposed: high-frequency pulses produced by a controller are injected to the switches
during the two-phase excitation region to distinguish phase current from bus current; however, the
high-frequency pulse injection needs an additional algorithm, and yield increased switch losses
and vibration.

This paper focuses on implementing accurate current control under an MPC scheme with reduced
current sensors through sensor multiplexing. The proposed method utilizes the feature of independent
phase switching control in MPC to realize sensor multiplexing in an alternate sampling manner.
Current sensor multiplexing is achieved without additional calculation in MPC scheme. In the
two-phase excitation region, the two excited phases have same control frequency but with a skewing of
half period; analog-to-digital (A /D) conversions are triggered by period interrupts of PWM counters
under continuous-increase-decrease-counting mode, the duty ratio of PWM unions are limited to
ensure that one phase is turned off when another phase started A/D conversion. The simulation and
experiments are carried out to confirm the feasibility of the proposed method.The contribution of
the manuscripts is the realization of current sensor multiplexing in MPC scheme, individual phase
is controlled using single-step predictive model, the predictive control steps of adjacent phases are
staggered. Current sensor multiplexing is integrated in predictive control without additional control
algorithm. The proposed method performs as well as MPC with independent sensors, while achieves
lower costs.

2. Control System Using a Multiplexed Current Sensor

The current sensor multiplexing is realized with minor adjustment of the SRM drive. The topology
of the drive is changed so that no freewheeling and discharging current flowed through current sensor,
and the sampling time of each phase was staggered. This section describes the implementation of
model predictive current control with only one current sensor in the drive.

2.1. Principle of Current Sensor Multiplexing

The operation fundamental of SRMs is different from other types of motors, such as permanent
magnet motors, brushless DC motors, and induction motors. For SRM drive, each phase is independently
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controlled. Thus, asymmetrical bridge topology is commonly used in SRM converters [21]. Figure 1
shows a conventional 12/8 pole three-phase SRM drive with an asymmetrical half-bridge converter.
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Figure 1. Diagram of a control system with one phase.

The phase branch is controlled independently by two switches and operates under three modes,
which are named charging, freewheeling, and discharging, represented as mode I, mode II, and mode
111, respectively. An abbreviated current path of phase A under each mode is shown in Figure 2.
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Figure 2. Current flow path of phase A in asymmetric half-bridge converter: (a) Mode I: charging;
(b) Mode II: freewheeling; (c) Mode III: discharging.

In mode I, S; and S, are both turned on, the current flows from S1 to S2 with positive voltage,
and the energy is supplied to phase A; in mode II, S; turns off while S; remains on, and the current is
cycled with zero voltage; in mode III, S; and S; are both turned off, the current flows from D2 to D1
with negative voltage, and the energy flows back to the power supply. If one phase was in mode III
and the current decay to zero, it was treated as non-excited. Current regulation was implemented with
state transition between three modes. The relation between phase mode and the state of corresponding

switches is illustrated in Table 1.

Table 1. Relation between current mode and switch states of Phase A.

Phase A Sq S

Mode I ON ON
ModeIl ON OFF
Mode Il OFF OFF




Sensors 2017, 17,1146 40f17

In conventional converters, each phase is configured with one current sensor. For the purpose of
current sensor multiplexing, the topology is modified to distinguish freewheeling and discharging
current from exciting current during the sampling period, as discussed in [20]. The installation of
current sensors in conventional topology and modified topology is shown in Figure 3.
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Figure 3. Conventional and modified asymmetric half-bridge converter for three-phase switched
reluctance machine (SRM). (a) Conventional topology with independent sensors for each phase;
(b) Modified topology with multiplexed sensor.

In the modified converter, all emitters of the down switches are connected to the negative DC
bus through a current sensor. The phases of SRM are excited alternately to carry out continuous
rotation; generally, no more than two phases conduct simultaneously. With this configuration, sampling
current passes through the bus sensor belongs to one phase if only one phase was excited, while it is
a combination of two phases in the commutation stage. The operation of SRM can be categorized into
two stages: single-phase excitation and simultaneously two-phase excitation, as illustrated in Figure 4.
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Region
I: single-phase excitation
II: two-phase excitation

Down-switch of excited phasel | Il | | I | I | I | | I I |
Up-switch of excited phasel |

Mode of excited phase § 1 §231328172813211328173231523123 3 §

Figure 4. Operation states of SRM in continuous rotation.
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In the two-phase excitation stage, the contents of the sampling current depend on the states of
both phases. Either the outgoing phase or the incoming phase are in mode II or mode III, and the
sampling currents of the sensor are all derived from another phase. All possible combinations of
sampling current when phase A and phase B are simultaneously excited and corresponding phase
states are summarized in Table 2. The relation between sampling current and phase states can be
extended to the commutation stage.

Table 2. Contents of sampling current and phase state.

Combination Sampling Current Phase A Phase B Phase C
1 ig +ip Mode I Mode I Not excited
2 ip Mode II or Mode III Mode I Not excited
3 i Mode I Mode Il or Mode III  Not excited
4 0 Mode Il or Mode Il Mode Il or Mode IIT  Not excited

In single-phase excitation stage, the sampling current of the sensor is equal to phase current
of the single excited phase when down-switch is on, thus, the result can be used directly in control
algorithms. In two-phase excitation stage, the sampling current of the sensor may be the sum of phase
currents in two adjacent phases. However, in digital current control, the phase current is sampled with
certain frequency instead of continuous sampling, and one can switch one phase to mode II shortly to
sampling another phase; that is the basic principle of multiplexing current sensor between two phases.
High-frequency pulse injection [20] was developed based on this principle. However, the injected
pulse introduced additional current harmonics and deteriorated the vibration and acoustic noise of
SRM. With predictive control, the toggle to mode II for the purpose of sensor multiplexing can be
integrated in the control scheme in fixed frequency.

2.2. Sensor Multiplexing Integrated in Model Predictive Control

2.2.1. Scheme of Predictive Control

Model predictive control (MPC) predicts the future phase current in the next several control steps
according to the discrete model of SRM, with average phase voltage as the input. Then, it makes use of
predictive behavior to evaluate the predefined cost function, and finally selects the optimal average
voltage. The average voltage is implemented through the adjusted duty ratio of PWM union in each
control step. The phase voltage equation of an SRM can be given as

. de(6,1)
=R- 1
u i+t — 1)
where U is the phase voltage applied on the phase winding, i is the phase current, R is the winding
resistance, ¢ = L(i,0) - i is the flux linkage, and L(i,0) is the phase inductance at position 6 with
current i. The model in the discrete-time domain was derived as

@i+, 0501) = @i, k) + (U — R - i) - AT = a - @i, ) + AT - Upy 2

where gy = 1 — AT - R/Ly. Uy is the phase voltage applied during the (k)th period according to
prediction in (k)th time. 6%, is the estimated rotor position at (k 4 1)th time. ix11 and @(ix41,05);)
stand for the current and flux linkage at (k + 1)th time, respectively. i, 6 and ¢ (i, 6;) represent the
current, rotor position, and flux linkage at (k)th time, respectively. AT is the time period, which was
constant in fixed frequency switching.
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The predictive model for multiple steps is given in matrix form as

- ay AT . 0 0
Pr+1 . .
| il ATW1 AT 0
Afe+i Ay --- -

Pkyn| = z‘l;lo e Pr + 1131 e U, 3)
Prih =) h=1 h1
S HO feti AT Hl agi oo AT [Tagy; -+ AT

L= - L 1= i=n i

where Uy = [Ugg, U Ul
the predictive horizon.

Generally, a current reference is predetermined to optimize performance criteria (e.g., torque
ripple, copper loss, and torque per current). To minimize torque ripple, a convenient solution for
SRMs in instantaneous-torque-control mode is to coordinate the torque production of the individual
phases so that the total torque tracks the reference value [3], namely torque-sharing method.
The instantaneous torque of individual phase is defined through the suitable torque-sharing function
(TSF), then the reference current profile of individual phase is derived according to electromagnetic
characteristic. However, in average-torque-control-mode, the elimination of torque ripple depends on

is the average input voltage for the next / periods, and # is

conduction angle (turn on/off angle) and reference current, the reference current profile is constant
in one conduction period, the elimination method in average-torque-control-mode is less effective
but simple than instantaneous-torque-control mode. The elimination of torque ripple may conflicts
with other performance criteria, thus, a secondary objective besides torque ripple minimization is
specified for collaborative optimization. A commonly used secondary objective is copper loss, obvious
advantages in aspects of copper loss and torque ripple were achieved as reported in [4,22]. In this
paper, average-torque-control-mode is adopted, the conduction angle and reference current is optimized
to reduce torque ripple and copper loss using the method proposed in [22]. The optimal conduction
angle and reference current for myriad velocity and average torque are generated offline, and stored
in look-up table in matrix form with velocity and average torque as the index. The input voltage
needed for SRM to track the predetermined current reference is calculated with a multiple-step
predictive model, and the compromise between variance and ripple could be carefully made for better
performance, as discussed in [16]. However, the calculation burden is high compared with a single-step
model. This paper aims to track reference current rapidly and discuss the feasibility of current sensor
multiplexing; thus, a single-step model is used in this paper. The required voltage and duty ratio can
be derived from Equation (2).

ref  pest .
(i 08) — @ik, Ok)
U = R + — 4 k+A1T (0 < Upyak < Vious) (4)
Diy1 = Ugyajk/ Vipus ®)

where Uy 1 is the average input voltage to reach reference current at (k + 1)th period based on (k)th

predictive step, i,rfj:l is the current reference value in period (k + 1)th, Vj, is the bus voltage of the
inverter, Dy, is the duty ratio for the (k 4 1)th period. The performance of the predictive model
depends on the accuracy of the estimated position. A position filtering is required to eliminate position
estimation errors. A digital low-pass filter has been developed and is given by (6) and (7). A moving
average of the rotor velocity is calculated from (6), and then the estimated position is obtained from (7).

1 n—1

wug= 1T

i=0

Ok—i — Ok—m—i
m-AT ©)
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07, = Ok + Wavg - AT )

wWayg is the estimated rotor velocity using moving average method, m is the interval for single speed
calculation, n is the sample size for average speed calculation. The reference current at the estimated
position can be derived from predefined current profiles stored in the look-up table. The conduction
angle and reference current is extracted from the look-up table according to required velocity and
average torque. If the required velocity and average torque are stored in the look-up table, it can be
extracted directly. If not, the closet four data points (indexed by two closet velocity and torque) are
extracted, then linear interpolations are used to get optimal conduction angle and reference current at
given velocity and torque. In current control loop, the reference current is equal to optimal reference
current when rotor position is within the conduction interval, while the reference current is zero
when rotor position is out of the conduction interval. From the look-up table of electromagnetic
characteristic of SRM (¢ — 6 — i), the flux-linkage at the estimated position under reference current is
found. The flowchart of model predictive control is shown in Figure 5.

[ Start A/D conversion ]

| S
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i Estimate rotor velocity 1 | (duty ratio <1) duty ratio =0
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:
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ir/ (] current atestimated [— position with reference current Plig i1 Or1)
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Figure 5. Flowchart of the predictive control.

2.2.2. Model Predictive Current Control with Single Current Sensor

In the modified converter, the up-switches of excited phase remain open, and the states of
down-switches are controlled by the PWM (Pulse width modulation) signal. The PWM union works
in continuous-up-down mode, the duty ratios are updated when the PWM counters decrease to zero.
The predictive control algorithm executes within period interrupt. The period register value P*"M is
decided by time period AT and frequency of counter clock. The PWM actions and interrupt events
triggered by PWM counter in one PWM cycle are shown in Figure 6. The current sampling is triggered
by period interrupt, which is located at the middle of one PWM cycle. The predictive step starts with
current sampling and has same frequency with PWM cycle. The predictive step stretches across two
PWM periods. The duty ratio in one predictive step is composed of two parts, Part I located at bottom
half of the previous PWM cycle and Part II located at first half of the latter PWM cycle.

In the single-phase excitation region, the current flow through the bus sensor equals to the current
of the excited phase if down-switch of the excited phase is open, while no current pass through the bus
sensor when down-switch of the excited phase is turned off. The sampling current can be used directly
in control loops; however, the sampling time should be selected skillfully. In the proposed method, the
sampling time is arranged in the middle of a time period. The benefits of this arrangement are:
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1. Avoid errors due to current ringings. Current ringings are generated at a switching instant due to
parasitics and nonidealities of the switching devices and the inverter. These ringings introduce
errors in the sampled current. Current sampling at the middle of a time period leaves enough
time for current ringing to decay.

2. Leave enough time for calculating duty ratio using predictive model before compare register updates.

|l——— Predictive step

Period register valucj /
: |

Compare register value

1
I 1
i« Part 1%
1
1

PWM 0utput¢| : ! !

i 1
|Update compare register | I

Compar;: interrulpt and PWM output set high ‘

FPeriod i;lterrupt and start current sampling ‘

lCompare interrupt and PWM output set low|

Figure 6. PWM actions and interrupt events triggered by PWM counter.

Figure 7 illustrates PWM implementation in single phase excitation region. The (k + 1)th
predictive step starts with current sampling, and the current sampling located at the middle of
(k)th PWM cycle, the duty ratio for (k + 1)th predictive step D¥*! is derived from (5) to receive
reference current value i]r(ifl after (k 4+ 1)th predictive step. As (k + 1)th predictive step stretches across
(k)th and (k + 1)th PWM periods, Dy, 1 is composed of Dll‘+1 located at bottom half of the (k)th PWM
cycle and DIZ‘+1 located at first half of the (k + 1)th PWM cycle. In Figure 7, D}: WM stand for compare
register value at (k)th PWM cycle. To avoid the down-switch of excited phase shutting off during
sampling, the minimum duty ratio is set according to the minimum sampling time needed. The (k)th
predictive period stretched across two PWM periods: (k)th PWM period and (k + 1)th PWM period,
the duty ratio of (k)th predictive period is composed of two parts: (D)X located at bottom half of the
(k)th PWM cycle and (D)12<+1 located at first half of the (k + 1)th PWM cycle. The compare register
value for (k 4+ 1)th PWM is given as

DM = 2. PP"M. (1 — Dy yq) + DM 8

— AT~

== Reference current
Actual current

k+1 — | i
T |
K ONUTRA N TR N
R e e S TS

‘ 4 Start sampling A Update PWM

Figure 7. PWM implementation in single phase excited region.
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D}: WM is compare register value during (k)th period. In two-phase excitation region, the excited

phases are either in mode I or mode 11, the contents of current flow through bus sensor depend on
states of two excited phases, as shown in Table 2. The sampling current belongs to one phase if another
phase is in mode I, which means the down-switch of another phase was turned off. In the proposed
method, the PWM counter of incoming phase is shifted half period from the outgoing phase, the PWM
implementation in two-phase excitation region is shown in Figure 8.

|
|
|
|
i
|
|
|
|
i

i / === Reference current(incoming phase) ‘77, »
i j H Actual current(incoming phase) i
! === Reference current(outgeing phase) |
/ i ---------------- Actual :Iul'l'ent(outgfhiug phase) i

|

& —
i (k_HS)Out
.

A A

4 Start sampling (incoming phase) 4 Start sampling(outgoing phase)
A Update duty ratio(incoming phase) A Update duty ratio(outgoing phase)

Figure 8. PWM implementation in the two-phases excited region.

When the outgoing phase starts sampling, the incoming phase has just finished the previous
period. If the duty ratio of the incoming phase is less than 100%, the down-switch of the incoming
phase is turned off when the outgoing phase starts sampling, the sampling current at this moment
identifies the phase current of the outgoing phase, which can be used directly in control loops. It is the
same case when the incoming phase starts sampling. If we keep the duty ratio of both phases less than
100%, the multiplexing of the current sensor is realized. If the original duty ratio calculated from (5)
equals 100% or 0%, the limit of the duty ratio achieves similar form as the pulse injection method;
however, in most cases where the original duty ratio generated is between 0% and 100%, the limit of
the duty ratio has no effect. The compare register’s value is calculated using (8). The maximum duty
ratio plus minimum duty ratio equals one, and the modified register value considering duty ratio limit

is given as:
WM , D;f_mM (Dsamp PS D;f_mMPS pPWM _ Dsamp)
(Dk+1 )mod = ¢ pPWM Dsamp (DkKVlM > pPWM _ Dsamp) )
Dsamp (D}:KM < Dsump)
P
Dsump = tsamp ' IZ/;-.M (10)

where (DII:E{M)md is modified compare register value to leave enough sampling time during (k 4 1)th

period, tsamp is the least time that ensures that the current can be sampled with high precision. tssmp
depended on the response time of the current sensor and the capability of the A/D converter, Dsgpp is
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the corresponding number of clock cycles for ts;mp. Generally, tsamp was minor compared with period
time, and the influence on current control could be neglected.

The current sampling using multiplexed current sensor is integrated into predictive current
control. The predictive current control model for single step is given in Equation (4), the parameters
in (4) is acquired one by one in the control loop. The steps of predictive current control and parameters
gathered in each step is shown in Figure 5. The integration of sampling signal and the predictive
model reflected in two aspects: (1) the sampling process is the first step of predictive current control,
the sampling signal is then used directly as one of the parameters needed in predictive model, there
is no need to change the flowchart of predictive current control; (2) the effective sampling relies on
the setups of predictive current control in two-phases excitation region. The control steps of adjacent
phases were shifted and duty ratio is limited to leave enough sampling time in predictive current
control, such setups ensure that the sampling signal contains current from one phase and can be used
directly for the following calculation.

3. Simulation and Experimental Results

The feasibility of the proposed current control method is evaluated in simulation and experimental
platform. The current sampling result with multiplexed sensor is evaluated. Current waveforms
in three control methods—MPC with independent sensors, MPC with multiplexed sensors, and
traditional hysteresis control—are compared. A 1.5 kW 12/8 pole SRM was employed in the simulation
and experiment, and mechanical parameters of the studied SRM are summarized in Table 3.

The flux linkage and torque data of the motor obtained using Maxwell software are used, and the
electromagnetic characteristic of the studied SRM is shown in Figure 9.

Table 3. Geometric information for the 1.5 kW SRM.

Parameter Value
Number of rotor poles 8
Number of stator poles 12

Stator outer diameter 130 mm

Rotor outer diameter 77.4 mm

Stator outer diameter 130 mm
Stator pole arc 15°
Rotor pole arc 15.9°

Electrical degree

0.5 [—1s0°
_ 150°
EOA 120°

90°
7] o
& —60
g 0.3 |_3¢p°
g —0°
w 0.2
=
=

=
-

0o 2 4 6 8 10 12 14 16 18 20
Phase current (A)

Figure 9. Electromagnetic characteristics of 1.5 kW SRM.

3.1. Simulation

To ensure that the simulation is precise, a co-simulation platform, using Matlab, Simplorer and
Maxwell, was employed. The 2D finite element model of SRM is built in Maxwell, the power converter
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and mechanical load is built using multiple-domain simulation software Simplorer, and the control
algorithm was executed in Matlab/Simulink to provide the switch signals of the converter. Real-time
interaction was undertaken between all software packages. A diagram of the simulation platform is
shown in Figure 10. The reference current was set to 6.5 A under a speed of 500 r/min. The turn-on

and turn-off angles waere 15° and 155° (electrical), respectively. The PWM frequency was set to
10 kHz with sampling time of 1 ps.

Maxwell ‘Torque Voltage| Simplorer | Current Contro] | Matiab/Simulink
gr— -Electrical and . -control algorithms
-magnetic FE mechanical signals

i i | Current Position ‘ ' .| Position

simulation field coupling

. ] - olEN

Figure 10. Diagram of multiphysics co-simulation platform for SRM.

The current sampling process with multiplexed sensor in two-phase excitation region is shown
in Figure 11. The switch states and corresponding sampling current are illustrated. In the two-phase
excitation region, two control signals with 180° phase displacement are generated, which make the
down-switches of phases A and B shut off alternately. The current of the bus sensor is equal to one
phase current when the down-switch of another phase is shut off. Due to the limit of the duty ratio,
the down-switch of the adjacent phase is shut off when the A/D converter started sampling; thus,
sampling of two phases are achieved with one sensor. In the one-phase excitation region, the sampling
and control of the excited phase is the same as the two-phase excitation region.

14

==-Phase A

~12
210

Current

e e o nff el fpn e o ol el b e b T T T T N e

-
-
-

== = Phase B
Multiplexed sensor

-l
Lo ] S

Two- phase

region

()

S2

A TTTTT UL T
HEREREI

S4

S1

]

S3

(b)

Figure 11. Current sampling process with multiplexed current sensor in two phase excitation region.
(a) Current waveforms of phase A, phase B and multiplexed sensor; (b) Switching states of phase A

and phase B.
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The performances of current control using three methods are compared, as shown in Figure 12.
The three methods are hysteresis control, predictive current control with independent sensors, and
predictive current control with multiplexed sensor. Figure 12a illustrates current waveforms using
the three methods. The proposed predictive control using a multiplexed sensor has nearly the same
performance with that using independent sensors, which implies the feasibility of current sensor
multiplexing integrated in MPC. MPC has better performance in tracking the reference current
than hysteresis control, especially in the low inductance area. Figure 12b—d illustrates the action
of a down-switch using three control methods, respectively. The action frequency of switches in MPC
is higher than in hysteresis control, the switch frequency of MPC in the single-phase excitation region
is 10 KHz, while the frequency doubled in the two-phase excitation region. However, the switch
frequency in hysteresis control is uncertain due to varied phase inductance.

—MPC with independent sensors
— MPC with multiplexed sensor

— Hysteresis control \

1 2 3 4 5 6 t(ms)

(b)
[T

Current (A)
S =~ N W A g ®

Current (A)

Current (A)
CHNWANAID (OHNWLANRIN||[@HWHUSNI®D

(©)

(d)

AN /\1/

Figure 12. Comparison of three control methods. (a) Comparison of current waveform using three
methods; (b) Action of down switch using model predictive control (MPC) with independent sensors;
(c) Action of down switch using MPC with multiplexed sensor; (d) Action of down switch using
hysteresis control.

Current (A)

474

3.2. Experiment

A 1.5 kW SRM prototype with the same geometric parameters as the simulation model is
employed to build the experimental system, and various experimental results are provided to evaluate
the effectiveness of the proposed method. The proposed control method is achieved in Digital Signal
Processor (DSP) TMS320F2812 from Texas Instruments (Dallas, TX, USA), which work at a frequency
of 150 MHZ. A modified asymmetric bridge inverter is used; however, both independent phase
current sensors and a multiplexed bus current sensor are deployed simultaneously in the converter.
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The bus current sensor is sampled by the built-in A/D converters of the DSP and used directly in the
control algorithm. The current data are also saved in the in-board ROM for further verification. The
independent phase current sensors are sampled through a data acquisition union (DAQ) from National
Instruments. The dc bus voltage was set to 200 V. A 1.5 kW DC motor is used as the mechanical load.
The rotor position is obtained by using an incremental encoder with resolution of 1024.

The practical laboratory setup of the experimental system is shown in Figure 13. In the experiments,
the executing frequency of the control algorithm is set to 5 kHz considering switching frequency limit
of IGBT, and the duty ratio is limited from 5% to 95%. The current reference is set to 6.5 A, and the
turn-on and turn-off angles are set to 15° and 155° (electrical degree), respectively.
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(b)

Figure 13. Configuration of the experimental platform. (a) Platform structure; (b) Driver and controller.
DAQ: data acquisition union; IGBT: insulated gate bipolar transistor.

Figure 14 shows current waveforms sampled simultaneously using independent phase current
sensors and multiplexed bus current sensor. The current in multiplexed sensor contained current from
one phase when another phase is in mode II or mode III. If both Phase A and Phase B are in mode II
or mode III, there is no current passed through multiplexed current sensor, which result in zero value
of cyan line. In contrary, if both Phase A and Phase B are in mode I, the current of multiplexed current
sensor is the sum of two phases. The control steps of adjacent phases are shifted and duty ratio was
limited, which ensure that the current in multiplexed current sensor equals to single phase current.
The current waveforms have been filtered to clearly show the relation between current signals from
independent sensors and from multiplexed sensor; good consistency is achieved, demonstrating that
the single current sensor can be multiplexed in the control system instead of multiple sensors.

—Phase A —Phase B —Multiplexed sensor —Phase C
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Figure 14. Current waveforms of different sensors.
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The performance of three control methods, MPC with independent current sensors, MPC with
multiplexed current sensor and hysteresis control with independent current sensors, are compared
in different condition. Figure 15a shows the current waveforms under three control methods with
reference of 10 A at 500 r/min. The performance with reference of 15A, a more saturated condition,
at same speed is shown in Figure 15b. In both condition, MPC has better performance than hysteresis
control in terms of tracking errors. After reference current is arrived, MPC with multiplexed current
sensor have similar results as MPC with independent sensors, which confirm the validity of the
proposed current sensor multiplexing method. However, before reference current is arrived, current
ripples occurr in MPC with multiplexed sensor as a result of duty ratio limits. The duty ratio is limited
to leave sampling time for another simultaneously excited phase in MPC with multiplexed sensor,
while the duty ratio in MPC with independent sensors is 100The current waveforms under three control
methods with reference of 10 A at 1000 r/min is shown in Figure 16. MPC with independent sensors
has same result as hysteresis control, however, phase current when using MPC with multiplexed
sensor is smaller than other methods. The duty ratio tends to 100% as speed increase, the effect of duty
ratio limit in MPC with multiplexed sensor becomes obvious.
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Figure 15. Comparison of current waveform using three control methods at 500 r/min. (a) Reference
current 10 A; (b) Reference current 15 A.
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Figure 16. Comparison of current waveform using three control methods at 1000 r/min wit reference
current 10 A.

4. Conclusions

A current control method of SRM using MPC scheme with sensor multiplexing method was
proposed. The proposed method exploits the flexibility of MPC in sampling time. The principle of
current sensor multiplexing was introduced. The implementation of MPC with a multiplexed sensor
was detailed, and the topology of a converter was modified to distinguish currents from simultaneously
excited phases. MPC was executed in parallel in adjacent phases; however, the control steps of the
two phases were staggered. The duty ratio of PWM was limited to make enough time for sampling.
Both simulation and experiment were done to validate the effectiveness of the proposed method.
The results showed that sampling current from a multiplexed current sensor was coincident with
that from independent phase current sensors. MPC using a multiplexed current sensor has similar
performance as using independent phase current sensors in phase current control. The switching
frequency is fixed when using MPC. In simulation and experimental tests, both MPC with independent
sensors and MPC with multiplexed sensor have minor current ripple than hysteresis current control
in tracking reference current. MPC using a multiplexed current sensor was an improved method to
reduce the cost with guaranteed performance.
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