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A Control Strategy for Four-Switch Three-Phase
Brushless DC Motor Using Single Current Sensor
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Abstract—A control strategy based on single current sensor is
proposed for a four-switch three-phase brushless dc (BLDC) mo-
tor system to lower cost and improve performance. The system’s
whole working process is divided into two groups. In modes 2, 3,
5, and 6, where phase ¢ works, phase-c current is sensed to control
phases a and b, and phase-c current is consequently regulated.
In modes 1 and 4, the combination of four suboperating modes
for controlling phase-c current is proposed based on detailed
analysis on the different rules that these operating modes have
on phase-c current. Phase-c current is maintained at nearly zero
level first, and phase-a and phase-b currents are regulated by
speed circle. To improve control performance, a single-neuron
adaptive proportional-integral (PI) algorithm is adopted to realize
the speed regulator. Simulation and experimental systems are set
up to verify the proposed strategy. According to simulation and ex-
perimental results, the proposed strategy shows good self-adapted
track ability with low current ripple and strong robustness to the
given speed reference model. Also, the structure of the drive is
simplified.

Index Terms—Brushless dc (BLDC) motor, four-switch three-
phase inverter, single-neuron adaptive proportional-integral (PI)
controller.

I. INTRODUCTION

S BRUSHLESS dc (BLDC) motors have such good fea-

tures as simple construction, high reliability, light elec-
tromagnetic pollution, and high power density, they are used
extensively in servo systems and low-power drive systems [1],
[2]. The performance of such motors has been significantly
improved due to great development of power electronics, mi-
croelectronics, magnetic performance of magnets, and motion
control technology in recent years [3]-[8]. Nowadays, many
studies have been focused on how to reduce the cost of
the BLDC motor and its control system without performance
degradation [9]-[14].

A novel four-switch three-phase BLDC motor drive is pro-
posed to simplify the topological structure of the conventional
six-switch inverter. It is an effective try on reducing cost, but
the uncontrollable phase current causes unsymmetrical voltage
vector, and its waveform is much of distortion from rectangular.
The direct current control based on hysteresis avoids this prob-
lem, and it senses currents of phases a and b individually by two
current sensors and then switches them separately. Therefore,
the desired rectangular current waveform is directly obtained
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[15]. In [16], a new speed control method using the acceleration
feedforward compensation is proposed to improve the speed
response characteristic for a four-switch three-phase BLDC
motor. The disturbance torque estimation method is adopted
to improve the robustness of the method. It is verified to be
economical and efficient in some occasions with light load,
such as robot arm, in spite of its average control performance
with heavy load. Reference [17] presents an original study
on the generated torque ripples due to phase commutation in
the four-switch three-phase BLDC motor. A current control
technique is developed to minimize commutation torque for the
entire speed range. Its dynamic and static speed—torque charac-
teristics are proved to be quite good. Intelligent schemes have
been introduced into four-switch drives. An adaptive neuro-
fuzzy inference system controller is proposed in [18]. This
newly developed design does not require an accurate model of
the motor and has a fairly simple structure. Simulation results
show better transient and steady-state responses compared with
the proportional-integral (PI) controller in the wide speed
range. Some work has also been done on a sensorless four-
switch BLDC motor drive [19], [20]. Reference [19] proposes
an asymmetric PWM scheme for a four-switch three-phase
BLDC motor drive to make six commutations and produce four
floating phases to detect back electromotive force (back-EMF).
The position information of the rotor can be acquired based
on the crossing points of the voltage of controllable phases. In
[20], virtual Hall sensor signals are made by detecting the zero
crossing points of the stator terminal voltages, and there is no
need to build a 30° phase shift, which is prevalent in most of
the sensorless algorithms.

The aforementioned research works are all based on two
current sensors. To exploit the four-switch BLDC motor drive’s
advantage of lower cost, a single-current-sensor control strategy
is proposed in this paper. The designed four-switch BLDC
motor drive shows satisfying performance despite the reduction
of current sensor. In Section II, how variation of phase-c current
i, influences another phase currents is analyzed, and the four-
switch control strategy based on 7. is proposed. Section III
introduces a single-neuron adaptive PI algorithm to the speed
regulator to improve control performance and demonstrates im-
plementation of the control system in detail. Finally, simulation
and experimental results are given in Section I'V.

II. FOUR-SWITCH THREE-PHASE BLDC MOTOR
CONTROL BASED ON PHASE C CURRENT

Fig. 1 shows the configuration of a four-switch inverter for
the three-phase BLDC motor.
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Fig. 1. Four-switch three-phase inverter.
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Fig. 2. Phase current waveforms when the four-switch three-phase BLDC
motor is controlled by the six-switch three-phase strategy.

As shown in Fig. 1, two common capacitors, instead of a
pair of bridges, are used, and phase c is out of control because
it is connected to the midpoint of the series capacitors. A
conventional PWM scheme for the six-switch inverter is used
for the four-switch inverter topology of the BLDC motor drive,
and its phase current waveforms are shown in Fig. 2.

From Fig. 2, it is noted that ¢, cannot hold at zero, and
it causes an additional and unexpected current, resulting in
current distortion in phases a and b, and even in the breakdown
of the system. The same problem is inherited by the four-switch
mode, and it causes the produced voltage vectors to be limited
and asymmetric, which were well known as “asymmetric volt-
age vectors.”

The BLDC motor needs quasi-square current waveforms,
which are synchronized with the back-EMF to generate con-
stant output torque and have 120° conducting and 60° non-
conducting regions. Also, at every instant, only two phases are
conductive, and the other phase is inactive.

Compared with the conventional six-switch three-phase in-
verter for the BLDC motor, the whole working process of the
BLDC motor is divided into six modes, as shown in Table 1.

Phase ¢ involves four modes, including modes 2, 3, 5, and 6.
Only one switch should work in the four modes. Taking mode 2
for instance, switch VS; and diode D5 work to conduct current
in this mode. Mode 2 is divided into modes 21 and 22, as shown
in Fig. 3. Switch VS; turns on, while —i, is less than current
threshold I*. As i, = —(i, + 45) and the current flows through
only two phases, i, increases and i, = 0. Then, i, is controlled
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TABLE 1
WORKING MODE OF THE FOUR-SWITCH THREE-PHASE BLDC MOTOR
Mode Hall values Working Curr§nt Condl_]ctmg
phase restraint devices
Mode 1 101 +a,-b i=1, iy=-1" VS, VS,
Mode 2 100 +a,-¢ i=I VS,
Mode 3 110 +b,-c =1 VS,
Mode 4 010 +b,-a =1, i=-1 VS, VS;
Mode 5 011 +c.-a i=-T' VS,
Mode 6 001 +e,-b ig=-T" VS,
1 A < 2K
0 —
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T T < 4( Motor
! !
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1 ] ]
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— —
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Fig. 3. Suboperating modes of mode 2. (a) Mode 21. (b) Mode 22.

indirectly. While —i, goes beyond I*, switch VS; turns off, and
diode D4 conducts to make ¢, and —i. drop. In this way, ¢, and
i are regulated to vary near the reference value.

As far as the situation of modes 1 and 4 is concerned, phases a
and b have current flowing through, and ¢, should be zero. To
avoid current waveform distortion, appropriate switch signals
should be respectively used in different working modes, which
implies that some new control schemes should be developed.

Considering three balanced phase windings, assuming that
the performance of power devices of the inverter is ideal,
and ignoring armature reaction, slot effect, and iron losses,
the voltage equations for a three-phase BLDC motor can be
described as
di

T
+ €z —|—’LLN,

U 7 + at

r=a,b,c (D
where u, represents the terminal phase voltage with respect to
power ground, ¢, is the rectangular-shaped phase current, e,
is the trapezoidal-shaped back-EMF, wuy is the neutral-point
voltage with respect to power ground, and R and L are the
resistance and equivalent inductance of the phase windings,
respectively.
As

ia+ip+ic=0 )
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(3) can be drawn from (1) and (2)

dlc 2 2 Uq + Up
c L— — - c - €c = 3
Ri. + 7 3u+(36+ 3 > 0 3)
considering that
te =1c1 — o2 “)
) d(U — u.)
=C——F= 5
ic1 7 ®)
du
oo =C—= 6
to2 7t (6)
o)
= —ZCdu° (7)

where C' represents the value of capacitors of C; and Cy and U
is the dc-link voltage.
Equation (3) can be rewritten as follows, in which u,. is the

only argument:
) =0. (8)

Assuming that e. = ey at some instant, —F < eg < E,
where E is the amplitude of the back-EMF. At the instant of
t =0, i.(0) is assumed to be equal to ig and ig = 0. If the
value of capacitors is large enough, then u.(0) = U/2 + ug and
Uy ~ 0.

Considering the case of A =4R*C? —16LC/3 >0 as
an example, i, and u. can be resolved from (7) and (8),
respectively,

2 2
du +2RCduc Uc—(3€ ua;—ub

2L
¢ dt? 3

c+

3L(BCT2 - io)e”t - 3L(BC7’1 - Z.())GTQt

e = 2V/OR2C? — 12LC
2 a
eo + 1; + up ©)
i = *3LC(BC’I’2 — iO)Tlerlt + 3LC(BCT’1 - io)TQGmt
‘o VOR2C? —12LC '
(10)

To simplify the results, several variables B, 7, and ro are
declared as

B=u, +up+2e. —2ug —U (11

= (V9R2C? — 12LC — 3RC)/(6LC) (12)
—V/9R2C2 — 12LC — 3RC)/(6LC).  (13)

The variance ratio of 7., is

dic  —3LC(BCry — ig)rie™t + 3LC(BCry — ig)r3e"?t
di 9R2C? — 12LC '

(14)

The Taylor series of di./dt at the instant ¢ = 0 can be solved,
and all items that are more than one degree are truncated. Then,
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Mode 1 is taken for instance here to demonstrate the whole
working process that is identical in mode 4. Mode 1 is divided
into four suboperating modes, i.e., modes 11, 12, 13, and 14, as
shown in Fig. 4.

Switches VS; and VS, work in mode 11 with u, = U and
up = 0. Diodes D5 and D3 work in mode 12 with u, = 0 and
up = U. Switch VS and diode D3 work in mode 13 with v, =
U and u, = U. Switch VS, and diode D5 work in mode 14 with



XIA et al.: CONTROL STRATEGY FOR BLDC MOTOR USING SINGLE CURRENT SENSOR 2061

TABLE II
dic/dt(t = 0) IN SUBOPERATING MODES
Sub-operating Mode Uy, up di/dt (+=0)
Mode 11 U 0 -2e0/3L
Mode 12 0 U -2e0/3L
Mode 13 U U (-U-2e0)/3L
Mode 14 0 0 (U-2e0)/3L
-~ 27 A
5 M
W 0 i
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1
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Fig. 5. Detailed phase current and switch signal.

« = 0 and u, = 0. The values of di./dt(t =
suboperating modes are shown in Table II.

According to Table II, the four suboperating modes have
different rules to phase current. In mode 11, ¢, and —i, rise
quickly, and i, varies proportionally with the back-EMF of
phase c. In mode 12, ¢, and —i; drop quickly, and . changes
proportionally with the back-EMF of phase c. Compared with
modes 11 and 12, 7. falls much quicker in mode 13 and rises
much quicker in mode 14. Identical conclusion can be drawn in
the cases of A = 0 and A < 0.

Thus, mode 1 could be optimized by reasonable combination
of four suboperating modes. First of all, the equation ¢, =0
must be satisfied to keep the system stable as follows.

When i, deviates seriously from zero, modes 13 and 14 work.
When i, remains at zero, modes 11 and 12 work. Because 7,
and ;, cannot be detected, a speed loop is used here to decide
the duty of PWM signals.

The same regulating method is used in mode 4, and asymmet-
ric voltage vectors are eliminated. The detailed phase current
and switch signals are shown in Fig. 5.

The corresponding Hall signals, switch signals, and wave-
forms of phase currents are shown in Fig. 6.

0) in different

III. IMPLEMENTATION OF SINGLE-CURRENT-SENSOR
CONTROL FOR FOUR-SWITCH THREE-PHASE
BLDC MOTOR

A. Single-Neuron Adaptive PI Controller

Due to its merits such as simple structure, high efficiency,
and easy implementation, the PI controller is widely used in
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Fig. 6. Waveforms when the four-switch BLDC motor is controlled by the
single-current-sensor strategy. (a) Hall signals. (b) Switch signals. (c) Current
waveforms.

most servo applications such as actuation, robotics, machine
tools, and so on. However, the conventional PI controller is
based on a linear model and suffers from parameter sensitivity
and nonlinearity of the BLDC motor. Its accuracy is limited on
BLDC motor control.
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Fig. 7. Schematic of the single-neuron adaptive PI controller.

With the development of modern computer technology and
control theory, new controllers are designed by not only com-
bining the traditional PI strategy with some intelligent tech-
nologies but also adjusting PI controllers’ parameters, so PI
controllers’ characteristics are improved greatly. The single-
neuron adaptive PI controller is one of those controllers.

Neuron is the basic computing unit of the brain. It works
as accumulative information processing properties. A single-
neuron model is proposed based on the fact that the output of
the neuron is the weighted sum of all the signals coming to
it. The advantage of the single-neuron model is its adaptation
ability acquired by adjusting the weigh coefficients.

Based on the self-study and adaptive ability of the single
neuron, a single-neuron adaptive PI controller has the advan-
tages of simple structure, fast response, good adaptability, and
robustness [21], [22] and is consequently chosen as the speed
controller in this paper. The structure of the single-neuron
adaptive PI controller is shown in Fig. 7.

The regulating rule of the single-neuron adaptive PI con-
troller can be described as follows.

1) Given the initial weight and learning rate of a single
neuron, incremental PI controllers are used here, and the
control error is

(16)
where r*(t) is the threshold value at time ¢ and r(¢) is the

output of the system at time ¢.
2) The inputs of the single-neuron adaptive PI controller are

xl(t)
210

e(t)
e(t) —e(t—1).

a7
(18)

3) The output of the single-neuron adaptive PI controller is

2

2
u(t) = u(t = 1)+ Ky (zit)wi(t)) /Y lwi®)]  (19)
i=1 i=1
where w;(t) is the corresponding weight of z;(t), and
K is the learning rate of a neuron, with K > 0.
4) The weight coefficients of a single neuron are tuned by

(20)
2L

wi(t —1) +nre(t)u(t)z:(t)
ws(t — 1) + npe(t)u(t)as(t)
where np and 77 are the learning rates of proportion and

integration, respectively. They are set to different values,
so different weight coefficients can be tuned.
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B. Control System

The control system adopts the double-loop structure. The
inner current loop maintains the rectangular current waveforms,
limits the maximum current, and ensures the stability of the
system. The outer speed loop is designed to improve the static
and dynamic characteristics of the system.

As the system performance is decided by the outer loop, the
disturbance caused by the inner loop can be limited by the
outer loop. Thus, the current loop adopts the conventional PI
controller, and the speed loop adopts the single-neuron adaptive
PI controller. Then, the parameter can be regulated online, and
the system is adaptable to different working conditions. The
whole system is shown in Fig. 8.

Controller 1: According to Hall signals, controller 1 works
when the motor runs at modes 2, 3, 5, and 6. The scheme of
controller 1 is shown in Fig. 9.

The single-neuron adaptive PI controller is taken as a speed
controller. The speed difference can be represented as

e(t) =v" —o(t) (22)
where v* is the given speed value and v(t) is the measured
speed value at time ¢.

The output of the single-neuron adaptive PI controller I*(¢)
can be solved by (16)—(21). I*(t) is the threshold value of the
current regulator. For the safety of the system, I*(¢) cannot pass
beyond the maximum setting value.

Then, the input of the current regulator is

e;(t) = I'(t) — io(t).

An incremental PI controller is used here as a current regula-
tor, and its output is

(23)

where 7' represents the sampling period and k;, and k;; are the
factors of proportion and integration of the current PI regulator,
respectively.
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w1 (t) is the duty of PWM signals.

Controller 2: In modes 1 and 4, I}, is close to zero. When
lic| < Itn, i. is regarded as equal to zero, and consequently,
1o = —1p. Controller 2 works at this stage, and phases a and
b switch synchronously based on the speed loop, just as the
traditional six-switch method does, as shown in Fig. 10.

The input of controller 2 is

e(t) =v" —ov(k). (25)

According to (16)—(21), the duty of PWM signals can be
solved.

Controller 3: When the motor runs at modes 1 and 4, and
Iy, —|i.| <0, controller 3 works, in turn, instead of controller 2,
as shown in Fig. 11.

When 4. > 0 and 7. > iy, the strategy is at the stage of
suboperating mode 13, and the magnitude of 7. drops quickly. If
1. = 0, the control flow will quit from controller 3. When . <
0 and —i. > Iy, the strategy is at the stage of suboperating
mode 14, and the magnitude of i. rises quickly. If ¢ = 0, the
control flow will quit from controller 3. Above all, the function
of controller 3 is to keep i, = 0. The adjustment to working
phase current should be done by controller 2 after controller 3
quits.

IV. SIMULATION AND EXPERIMENTAL RESULTS

To verify the correctness and feasibility of the proposed
strategy for the four-switch three-phase BLDC motor, a com-
plete simulation system was built. The simulation results are
compared with those of the six-switch speed PI controller.

The parameters of the BLDC motor are as follows: pole pairs
p = 4, rated voltage Uy = 36 V, rated torque Ty = 0.4 N - m,
rated speed ny = 3600 r/min, equivalent inductance L — M =
1.4 mH(+1.3%), back-EMF constant K, = 0.067 V/(rad/s),
and rotational inertia coefficient J = 1.57 x 1075 kg - m?.

The motor starts up with a speed reference of 300 r/min and
a load of 0.1 N-m. At 0.04 and 0.07 s, the speed reference
and load step to the rated ones, respectively. Simulation results
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Fig. 12.  Simulation waveforms when the motor is controlled by the conven-
tional six-switch strategy. (a) Speed curve. (b) Current waveforms. (c) Torque
curve.

of speed and phase current waveform are shown in Figs. 12
and 13.

From Figs. 12 and 13, compared with the conventional six-
switch three-phase strategy, it can be seen that when the motor
is controlled by the four-switch and single-current-sensor strat-
egy, overshot is reduced at both low- and high-speed references.
Adjusting time is also short. Speed curves show only slight
ripples under load disturbance. Current waveforms are close to
ideal trapezoidal form, and torque remains stable.
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Fig. 13. Simulation waveforms when the motor is controlled by the single-
current-sensor strategy. (a) Speed curve. (b) Current waveforms. (c) Torque
curve.

0.1

Commutation torque ripples can be seen in both simulation
and experimental results. Because of the trapezoidal back-EMF,
the BLDC motor needs an ideal rectangular current to generate
smooth instantaneous torque. It is not available in practice due
to the winding inductance and finite inverter voltage. In the
four-switch drive system, commutation torque ripples are even
more severe unless a suitable current control strategy is adopted
because the current flowing through the capacitor is difficult to
control. Consequently, commutation torque ripples could not
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Fig. 15. Experimental waveforms in the situation of 300 r/min and 0.1 N - m

when the motor is controlled by the single-current-sensor strategy. (a) Speed
curve. (b) Current waveforms. (c) Torque curve.

be eliminated but only reduced by motor design and current
control method.

The whole system is implemented by the TMS320F2812
DSP. The configuration of the experimental system is shown
in Fig. 14.

In the experimental setup, ¢, and 7, cannot be sensed in
modes 1 and 4, so that current overflowing cannot be moni-
tored. A protective circuit consisting of current sampling re-
sistance and voltage comparator being indicated as current
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Fig. 16. Experimental waveforms in the situation of 2000 r/min and 0.2 N - m
when the motor is controlled by the single-current-sensor strategy. (a) Speed
curve. (b) Current waveforms. (c) Torque curve.

protection module in the diagram has been used as limita-
tion approach for the drive safety issue in controller 2. In
controller 3, freewheeling diodes provide discharging loop, and
i, and —1; will drop quickly without overflowing.

Figs. 15-17 show the phase current, torque, and speed
waveforms when the motor works in the following situations:
1) 300 r/min and 0.1 N - m; 2) 2000 r/min and 0.2 N - m; and
3) 3600 r/min and 0.4 N - m.

From Figs. 1517, it can be seen that whether working at low
speed and under light load or at rated speed and under rated
load, the motor performs satisfactorily. Phase current maintains
rectangular waveforms, speed curve is stable, and torque has
little fluctuation.

V. CONCLUSION

An advanced double-loop control strategy based on the four-
switch topology for the BLDC motor drive has been proposed.
A single-neuron adaptive PI controller is used by the outer loop
to develop the performance of speed control. The algorithm is
easy to implement on the microcontroller, and the cost of the
whole system is lowered because only one current sensor is
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Fig. 17. Experimental waveforms in the situation of 3600 r/min and 0.4 N - m
when the motor is controlled by the single-current-sensor strategy. (a) Speed
curve. (b) Current waveforms. (c) Torque curve.

required. Finally, qualified performance was verified by simu-
lation and experimental results under different work conditions,
at different speeds, and under different loads.

It should be noted that reducing the quantity of current sensor
surely brings some negative impacts to the control system, such
as maximum current limitation in certain modes. Additionally,
the program tends to be complicated because a special algo-
rithm is necessary as compensation on the reduction of current
sensor. Consequently, the software overhead is increased. For
further research, how to improve system reliability and opti-
mize software design should be the key point to implement the
proposed strategy in industrial application.
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