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Combined Discrete Space Voltage Vector with
Direct Torque Control for Bearingless Brushless
DC Motor and Closed-Loop Suspended Force
Control

Zhanshi Sheng, Xiaolian Wang, Fei Tan, and Weiran Wang

Abstract—In order to improve the performance of bearingless
brushless DC motor, a closed-loop suspended force controller
combining the discrete space voltage vector modulation is applied
and the direct torque control is presented in this paper. Firstly, we
increase the number of the control vector to reduce the torque
ripple. Then, the suspending equation is constructed which is
spired by the direct torque control algorithm. As a result, the
closed-loop suspended force controller is built. The simulated and
experimental results evaluate the performance of the proposed
method. The more advantage is that the proposed algorithm can
achieve the fast torque response, reduce the torque ripple, and
follow ideal stator flux track. Furthermore, the motor which
implants the closed-loop suspended force controller cannot only
obtain the dynamic response rapidly and displacement control
accurately, but also has the characteristics of bearingless
brushless DC motor (such as simple structure, high energy
efficiency, small volume and low failure rate).

Index Terms—Bearingless brushless DC motor, direct torque
control, discrete space voltage vector modulation, closed-loop
suspended force control.
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I. INTRODUCTION

HE bearingless brushless DC motor is a new kind of
motor, which has two windings fixed in the stator. One
winding is used to control system’s torque, and the other is used
to provide the suspension. The bearingless brushless DC motor
has several
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advantages, such as simple structure, low fault-rate, small
volume and high efficiency of energy conversion. Furthermore,
the motor has high speed because its rotor suspends in the air.
Those merits make the motor popular in industrial community
including medical industry, aerospace and chemical process.

Direct torque control (DTC), the most advanced AC drive
technology, has been used in the bearing brushless DC (BLDC)
motor recently [1]-[4]. Reference [5] deduced the
mathematical formulas to describe the suspended force of
bearingless brushless DC motor based on the principle of
bearingless permanent magnet synchronous motor. Those
equations have laid the foundation for the DTC. Reference [6]
proposed a basic control method for the bearingless brushless
DC motor. They divided the system into the torque part and
suspension part by using the theory of independent suspension
subsystem. The torque part was managed by the traditional
double closed loop controller, and the suspension part was
manipulated by the hysteresis current controller. The
shortcoming of the method is that the precision is low and its
speed is slow. The DTC has been used in brushlees DC motor,
which solves the difficulties of the non-sine and shut-off phase
[71-[10]. But it has not been used in the bearingless brushless
DC motor. In order to improve the performance of bearingless
brushless DC motor, the DTC which combines the discrete
space voltage vector (DSVMDTC) is presented in this paper.
The simulations evaluate the proposed method.

II. THE SUSPENDED FORCE MODEL OF BEARINGLESS
BRUSHLESS DC MOTOR

The air-gap flux of bearingless brushless DC motor consists
of three parts: the permanent magnetic potential of rotor, the
current magnetic potential of torque winding, and the current
magnetic potential of suspended winding. The permanent
magnetic potential of rotor and the current magnetic potential
of torque winding are the square wave. The permanent
magnetic potential of rotor changes with the rotor’s position
varying. Moreover, the current magnetic potential of torque
winding has step change with the sector difference. So the
space distribution of air-gap flux is very complex. In order to
simplify the deduced process, the hypothesis is made by
referring to [11].
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Fig. 1. The main circuit of brushless DC motor control system.

The Fig. 1 is a typical main circuit of brushless DC motor,
which is a square wave control system. Controller triggers the
inverter transistor according to the position sensor’s
information.

A phase axis is set as the x axis and the angle between the x
axis and the clockwise of d-axis of the rotor is defined as the
angle of rotor 6. The symbols a, b and ¢ are used to represent
the on/off condition of the three-phase winding A, B and C
[12].

The flux of stator air gap is:

F=F+F+ Ff (1

where F, is the flux which is produced by the current through
torque control winding and this flux is a phase change function;
F; is the flux which is produced by the current through
suspension control winding and its value is F';/=Fcos(0-0)); Fis
the flux which is produced by the permanent magnet and its
value also phase-change.

The mathematical model of suspension force in bearingless
brushless DC motor is different under the different modes of
the torque windings. It causes the difficulty in decoupling
control of suspension part. So it needs to establish a uniform
suspension control model. A parameter P is defined to denote
the state variable, and the value is relevant to the angle of rotor.
The values of the P are shown in the Table I:

TABLE I
THE PARAMETER OF THE SUSPENDED FORCE MODEL
P 0 1 2 3 4 5
a 0 1 -1 0 1 1
b 1 1 0 1 1 0
c 1 0 1 1 0 -1

In Table I, a, b, c is defined as three-phase torque control
switch’s state on/off. Taking the A phase for example, a=0
means the two switching tubes (up bridge arm and down bridge
arm) of A phase are all turned-off; a=1 means the up bridge arm
is turned-on and the down bridge arm is turned-off; a=—1
means the up bridge arm is turned-off and the down bridge arm
is turned-on. The suspension control model of bearingless
brushless DC motor is defined as follows:

rhy . Pr
F = 2120 {4F/.F2 cos(6,—26,)+ 23FF, sm(@l —TH )
eg

rhu . Pr
F =~ leo {4@@ sin(6, -26,)~23FF, cos(ﬁ, _Tﬂ 3)
eg

Where r is the radius of rotor, % is the length of axial, /. is
the length of air gap between the stator and rotor, F; is the
torque flux which produced by the current through the torque
winding, F, is the suspended flux which produced by the
current through the suspension winding, F is the flux which
produced by the permanent magnet, €, is the phase of
suspended flux’s base wave, 6, is the angle of rotor, 6, is the
phase of torque flux’s base wave.

III. DIRECT TORQUE CONTROL OF THE BEARINGLESS
BRUSHLESS DC MOTOR

A. The State of the Inverter for Bearingless Brushless DC
Motor

We use six numerals to express the states of six switching
tubes in BLDC-DSVMDTC. Each numeral expresses one
switching tube’s state. Zero (0) denotes the turn-off and one (1)
means turn-on. So the six voltage vectors V;, Vo, Vi, Vi, Vs, Vs
are (100001), (001001), (011000), (010010), (000110),
(100100) and the zero vector ¥ is (000000) as shown in Fig. 2.

The stator flux is complex in the BLDC-DTC. Under the
linear condition, the flux leakage can be ignored. Then, the
stator flux y; is the vector sum of the armature flux y, and the
rotor flux .

l//s = l//a + Wf (4)
The yyis produced by rotor permanent magnet and the value
is constant under the linear condition. The y, is produced by

stator current and its value always varies. The phase angle of
stator current can be deduced from the state of back-EMF.

B. Discrete Voltage Space Vector Modulation

The more the voltage space vectors use, the better the
tracking effect is. As a result, the track of synthesis flux will be
closed to the ideal track. This is the idea of SVPWM. But the
computational burden will increase, which reduces the
real-time performance of system. To overcome this problem,
the DTC combining the discrete voltage space vector
modulation is presented (DSVM-DTC) and the finite vectors
are used to compose the new vector in a cycle. The method can
get the better control effect and reduce the torque ripple greatly
[13].

There are m basic voltage vectors in one cycle T and one

V5(001001)

A

V3(011000) S\\ Vi(100001)

V4(010010) Ss \S(» V(100100)

¥ v000110)

Fig. 2. Voltage vector synthesis.
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basic voltage vector works T/m. It actually gets the duty cycle
which can change from 1/m to 1. As shown in Fig. 3, there are
four basic voltage vectors when system works in sector S;.
Then, more than 50 new voltage vectors can be composed in
different duty cycle. The vectors which are perpendicular to the
track of flux are selected. Then the best vector can be
determined according to the sign of flux and torque.

The 9 hysteresis comparators are selected to get the flux sign
and 8 hysteresis comparators are used to get the torque sign.
Due to the number of the voltage vectors increase in one cycle,
it is possible to refine flux and torque condition and select the
best vector. The Fig. 4(a) is flux hysteresis comparison device
which has nine layers. Flux difference=given Flux —real Flux.
E1y» €2y €3y €4y are hysteresis tolerances. If the Flux difference
Ay>ey,, the given Flux is much greater than the real Flux and it
need increase the flux greatly; If the Flux difference Ay>ej,,
the given Flux is greater than the real Flux and it need increase
the flux. If the Flux difference Ay>g,,, the given Flux is greater
than the real Flux slightly and it need increase the flux slightly.
Similar to the upper condition, the sign can be got when
Ay<-g;,, Ay<-g;,, Ay<-g3,, Ay<-g4, but the flux should be
decreased. The Fig. 4(b) is torque hysteresis comparison device
which has eight layers. Torque difference= given Torque—real
Torque. &)1, &1, €315 €47 are hysteresis tolerances and the state
analysis of torque is similar to the flux.

B(q)

V5(G01001) q

V(2223 w(2221)

Vi(2233) Vis(1122)

Va(011000) v (3332 0 Va(1112) V4(100001)

VsATR0)
PK00)

Vi9(3333) Va(1111)
V37(3330)

V25(3300)

Va(1110)
Vai(1100) 1-
V13(3000) V11(1000)

a(d)
V14(4000)
V.(4400)

V5(000110)

Fig. 3. Sector S; (S;.S;+) of the vector choose.

In order to make the best use of voltage vector, the speed can
be segmented as several parts. Then the refining methods can
be used in the low-speed part and high-speed part (the refining
sector divides the original sector into two parts equally). As
shown in Fig. 3, the 6 sectors system is segmented into 12
sectors system equally. The refining sector can restrain torque
ripple further by locating the flux at the sector. Then the prefect
control effect can be achieved.
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(b) Torque hysteresis comparison device which has eight layers

Fig. 4. Hysteresis comparison device which has multiply layers.

IV. THE CLOSED-LOOP SUSPENSION FORCE CONTROL OF
BEARINGLESS BRUSHLESS DC MOTOR

The traditional algorithm adjusts the flux of suspended force
by using the current of suspension winding. This pattern can
get the amplitude and direction of suspended force indirectly.
But it is an open-loop algorithm, so the precision is low and the
response is slow. Inspired by the direct torque control, the
suspended force can be regarded as amplitude which can be
adjusted according to w,. And the phase angle depends on the
state of inverter and rotor angle. The state of inverter is related
to the rotor position [15].

Deduced by (2) and (3),
Fa = kmll//fWZ COS(HI - 20}‘ ) + kmzl//ll/IZ Sin(gl _%j (5)
Ey =—k,.w v, Sln(@ - 29r)+ k2w, cos| 6, BER

The variation of flux produced by the suspension control
winding can be known when the synthetic suspension force
vector changes from A™ to (k+1)™.

The synthetic suspended force vectors at k and k+1 are:

P =[F | 2(0-20)4[7, )05 ;

F(k+1)=|F (k+1) £(6,-26, +A0)

(®)
+‘Fp‘4(@—%+AHJ

Decompose the suspended force of k£ and A+1 moment in off
coordinate system and the difference of suspended force can be
formulated as:

AF =F (k+1)-F (k) ©)
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The component in of coordinate is:
AF, =F, (k+1)-F, (k)

= k|, (k+1)|cos(6, + AO)cos (26, )
+k |, (k+1)|sin (6, + AO)sin (26,)

/1

+kg,

V., (k+1)‘sm(6’ +A6’)cos(P3ﬂ)

/2

v, (k+1)[cos (6, + A@)sin (%)

k)‘ cos 6, cos(26,)
J)|sin 6 sin (26, )

V2

(
vl
val
(

/2

v, (k)|siné, cos(%)

v, (k)|cos 6, sin(%j
AF, = F, (k+1)=F, (k)
=k, |, (k+1)|sin (6, + A0)cos(26,)
+ kv (K +1)|cos (6, + A8)sin (26,)

+k

f2

(10)

+kpy | (k+1)|sin (6, + A0)sin [PT”j
+k, ‘1//52 (k)‘sin 6,cos(26,)
-k, ‘y/“_z (k )‘cos 6,sin(26,)

—k,z‘y/byz(k)‘cosﬁ,cos(PTﬂj

. . ([ Pm

—k v, (k)|siné sm(—]
s (0fin,sin % o

Where ky is suspension force coefficient 1, kp is
suspension force coefficient 2, A8 is the change angle of
suspension force.

The fluxes of suspension control winding at & and k+1
moment are:

‘//SZ(k):‘//s2(k)|4(9/ (12)
v (k+1)=p, (k+1)|£(6,+A0) (13)

Decompose the flux of suspension control winding at k and
k+1 moment and the flux difference of suspension control
winding is:

Al//SZ :WSZ (k+1)_lr//s2 (k) (14)
The component in off coordinate is:
Alr//SZa :l//Ssz (k+1)_l/152a<k) (15)
=y, (k+1)| cos(§ +A9)—|WS2 (k)| cos 6
AW, = Wzﬁ(k+1) sZﬂ(k) (16)
= ;o (k=+1)sin(6) +A6) |y, (k)|sing
Substitute the (10) and (11) by (15) and (16), so
AF, i cos26. sin26. || Ay,,,
AF, | ' sin20. —cos26, || Ay,,, (17)

o |(77) eos(P4) o
. cos(P%) sin(P%) N7

My | [0 o T4 (18)
Aoy " sin2) —os20 | AF

A A [ “
Hlafrr sirry

1 (19)
k +k ,+2k .k

71 fz[SiHZQ COS(P%)—OOSZQ‘ sm(P%)}

Equations (17) and (18) can be seen as the coordinate
transformation between the flux difference and the suspended
force difference. Then, the suitable space voltage vector is
selected to compose the flux difference of the suspension
control winding. The relationship between the suspended force
difference and the flux difference of the suspension control
winding is obtained. @ The amplitude and direction of
suspension can be controlled by flux vector. In this algorithm,
the suspension force is a closed-loop control and
anti-interference performance of system is enhanced greatly.

K=

V. THE SIMULATION AND EXPERIMENT
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Fig. 5. BLDC-DSVMDTC’s simulation and experiment.

In this simulation, the parameters of bearingless brushless
DC motor are: Rated voltage U = 50 V, Rated speed
n = 1500 rad/min, Rated current / = 5 A, the resistance of
torque winding R;; = 0.48 €, the inductance of torque winding
L;;=8.5%10° H, the mutual inductance of torque winding
L;,=0.0006 H, the resistance of suspended force control
winding R, = 0.42 Q, the inductance of suspended force
control winding Ly = 6.5x107 H, the mutual inductance of
suspended force control winding L,, = 0.0004 H, the
coefficient of back EMF K, = 0.075 V-s/rad, the coefficient of
rotational inertia J = 0.8x107 kg-m’, the rotor quality m = 2.85
kg [14].

The speed from zero to the rated speed (8000 rad/min) only
needs 0.17 s and the overshoot volume is small. As shown in
the Fig. 6, there are very small fluctuations at 0.17 s and the
speed immediately stabilizes at rated speed.

The Fig. 7 is the typical track of stator flux. The track is not a
circle. It is irregular circle when the rotor rotates to switch area.
The flux will appear an obvious variation.

The Fig. 8(a) is velocity curve about DSVM-DTC and the
Fig. 8(b) is torque response about the speed change. The
velocity is stable at the given 1200 rad/min at 0.17 s. The
velocity increases from the 1200 rad/min to 1500 rad/min at
0.25s and it is stable in 1500 rad/min at 0.31 s. As shown in the



ELECTRONICS, VOL. 17, NO. 1, JUNE 2013

8000

6000
c)
3

g 4000
k<1
[
L
&

2000

04

T T T T T T T T T T
0.0 0.1 02 0.3 04 05

time( s)

Fig. 6. Speed of BLDC-DSVMDTC’s simulation.
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Fig. 7. The track of stator flux.

Fig. 8(b), the torque responds a 3 N-m change at 0.32 s, the

system controls the torque and stabilizes at 1+0.08 N-m.

It means the change of velocity influences the torque greatly.
The torque stabilizes only needing 0.07 s. So, the control
system responses quickly and it has a good adjustment about

the input change.
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(b) The torque response when speed rose from 1200 up to 1500 rad/min at 0.25
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The Fig. 9(a) is torque change about DSVM-DTC and the
Fig. 9(b) is speed response about the torque change.

Similar to the Fig. 8, the Fig. 9 also evaluates the fast
response of the control system. It has a good adaptive
performance about the input change. However, the velocity is
almost not affected when the torque changes.
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Fig. 10. Results of speed and torque change.

The result of step change in the velocity is shown in the
Fig. 10(a). There is a step signal at the channel 1 of
oscillograph, and its period is 7 s. The actual velocity at the
channel 2 is detected by photoelectric encoder. We can see that
the velocity tracks the input step signal and the overshoot is
small (0.2 V). The motor only need 1.6 s to reestablish the
speed. The torque step change is shown in the Fig. 10(b). It
proves that the DSVM-DTC can suppress the torque ripple and
keep the advantages of rapid response.

In order to demonstrate the anti-interference performance,
the disturbances (1 N) are imported in x-axis and y-axis
respectively. The Fig. 11(a) and Fig. 11(b) show the results.
The unit is ms. It can be seen that the center and amplitude of
the rotor impulse along the xy axis are 0 and 3x10” ms
respectively. The Fig. 11(c) shows the displacement of rotor
along the xy axis. The per-unit value is 1x10~ ms/Imv. The
displacement of x-axis shakes by 0.5 mv as the center and y axis
shakes by 0.1 mv as the center. The amplitude also is about 2.5
mv.

VI. CONCLUSION

A DTC combined with the discrete space voltage vector is
proposed to control the closed-loop suspended force of the
bearingless brushless DC motor in this paper. The proposed
algorithm controls the torque part and increases the number of
vectors which are used to compose the new control vector.
Comparing with the methods mentioned in the literatures, the
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Fig. 11. Results of bearingless brushless DCmotor’s suspension control.

algorithm takes the characteristics of flux periodic change and
the torque ripple in direct torque control into consideration. It
uses the discrete space vector modulation to suppress the torque
ripple and makes the ripple not affect the suspension of rotor.
The more important is that the closed-loop suspended force
control formula is deduced for the bearingless brushless DC
motor. The simulated and experimental results show that the
proposed method can get the quick response of the torque. The
torque ripple is low and it can track the ideal stator flux
trajectory. Furthermore, the accuracy is high and the
performance of suspended force control is good. The
bearingless brushless DC motor packed with the proposed
method has several advantages, such as simple structure, high
energy efficiency, small volume and low failure rate. So, it is
suitable for the higher demand occasion of motor.
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