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Z-Source Inverter-Based Approach to the
Zero-Crossing Point Detection of Back EMF
for Sensorless Brushless DC Motor

Changliang Xia, Senior Member, IEEE, and Xinmin Li

Abstract—Based on the Z-source inverter, this paper proposed a
novel approach to zero-crossing point (ZCP) detections during the
shoot-through vectors for sensorless brushless dc motor (BLDCM).
The proposed approach separates the ZCP detections from speed
adjustment, and makes the shoot-through vector not influence the
motor speed-adjustment directly, while the zero-vectors and active-
vectors are used exclusively to adjust the speed of BLDCM. With
the proposed approach, the sensorless BLDCM can operate in a
wide speed range without switching the detection points and the
reference levels, and it is unnecessary to change the reference levels
according to the PWM technique. The terminal voltages limited
by diode can be directly compared with the reference zero level
during the shoot-through vectors, so as to reduce the detection
error caused by attenuation. Moreover, Z-source inverter not only
provides boost voltage for sensorless BLDCM drive system, but also
improves the utilization rate of dc source voltage and the safety of
the drive system. In addition, this paper analyzed the terminal
voltages of the floating phase during each vector. The experimental
results verified the correctness of above theories and proved the
effectiveness of the proposed approach.

Index Terms—Brushless dc motor, sensorless, zero-crossing
point detection, Z-source inverter.

I. INTRODUCTION

UE to its compact and simple structure, reliable operation
D and low maintenance costs, brushless dc motor (BLDCM)
has been widely used in industry [1], [2]. Typically, the rotor
positions are obtained by position sensors, such as the hall sen-
sor [3]. However, the position sensors will increase the size
of BLDCM, and its installation accuracy will affect the per-
formance of BLDCM directly. In harsh environment with high
temperature, high pressure and high humidity, the position sen-
sors are no longer appropriate [4].
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The back EMF method is one of the most popular control
way for sensorless BLDCM, the core of which is to detect the
zero-crossing point (ZCP) of the back EMF [5]-[7]. A direct
back EMF sensing method presented in [8] and [9] compares
the terminal voltage of floating phase with the reference zero
voltage during the zero vectors. The ZCP can be acquired when
the compared results change relative to the previous cycle. With
no use of virtual neutral point, the direct back EMF sensing
method avoids the unwanted delay in [7], and the current sensors
are also unnecessary. However, this method is not suitable for
high-speed operation, for the pulse width of zero-vector may be
very short.

Recently, the research about direct back EMF sensing method
focuses on two aspects. One is to extend its application to the
method to a wide range of speed and load torque, and to increase
the utilization rate of dc source voltage. Another is to improve
its precision.

In [10] and [11], where ZCP detections are executed during
active vectors, the duty cycle of active vectors can reach 1,
ensuring the utilization rate of dc source voltage, but this method
is not applicable to the low-speed range with very narrow pulse
width of active vectors. In [12]-[15], switching detection points
according to the speed range, the ZCP detections are executed
during the active vectors and the zero vectors, respectively. This
method allows the BLDCM to operate within a wide speed
range, and ensures the utilization rate of dc source voltage. The
methods proposed in [10], [12], and [13] are all implemented
by special ICs or comparator circuits. Since DSP and FPGA
chips are integrated with A/D converter module, the methods
implemented in [11], [14] and [15], carry out A/D sampling and
ZCPs are calculated by the controller. The methods proposed
in [11] and [14] are only designed for a specific kind of PWM
technique. However, the method proposed in [15] is suitable for
several kinds of PWM techniques by setting the corresponding
reference level according to the type of PWM technique.

In order to improve the detection precision, the comple-
mentary PWM is introduced in [10], [16], and [17]. With the
complementary PWM, the current freewheels through two
MOSFETs on the lower arms or the higher arms, reduce the
conduction losses of power devices, eliminate the detection er-
rors introduced by antiparallel diode, and avoid the influence of
discontinuous current on ZCP detections under lightly loaded
conditions. But for safety concern, it is necessary to set a dead-
time for the complementary PWM.

There are still several challenges for the existing methods.
The first is to avoid switching detection points and reference
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Z-source inverter-based BLDCM drive system.

Fig. 1.

levels, and to carry out ZCP detections and speed adjustment
separately. The second is to increase the utilization rate of dc
source voltage. The last is to improve the precision.

Z-source inverter proposed in [18] allows the shoot-through
vector prohibited in conventional voltage-source inverters,
makes the dead-time unnecessary, and has the ability to boost
voltage with the shoot-through states. It has been widely used
for motor drive systems [19]. Moreover, the topological the-
ory [20], PWM technique [21], and control method [22], [23]
have been studied. Z-source inverter is also used for BLDCM
speed-adjustment with its characteristic of boosting voltage
in [24] and [25], but few literatures exploring its advantages
to enhance the ZCP detection for sensorless BLDCM.

Z-source inverter improves the stability and safety of BLDCM
drive system under complex conditions. On this basis, the paper
aims to study the approach to the ZCP detection with Z-source
inverter for sensorless BLDCM, which is applicable to the in-
dustrial processes supplied by low-voltage dc source, such as
fuel cell, lithium battery, and photovoltaic cell, etc.

II. OPERATION PRINCIPLES OF Z-SOURCE INVERTER-BASED
BLDCM DRIVE SYSTEM

Fig. 1 shows the topology of Z-source inverter-based BLDCM
drive system. It consists of the dc source (Uy,D7,T7),
symmetrical Z-source network (C; = Cy, L1 = Lo), three-
phase bridge inverter (MOSFET: T, ~ Tj, antiparallel diode:
D; ~ Dg) and the BLDCM.

The diode Dy is antiparalleled with a MOSFET T turned
ON in non-shoot-through states [26]. With this configuration,
Z-source inverter can completely avoid unwanted operation
modes, improve performance under lightly loaded conditions,
and simplify the parameter design of Z-source network [27].

A. Operation Principles of Z-Source Inverter

Fig. 2 shows the equivalent circuits of Z-source network in
shoot-through states and non-shoot-through states.

The ui, and 4, are the output voltage and output current
of Z-source network, respectively, and the reference directions
of voltages and currents are all shown in Fig. 2. Due to the
symmetrical Z-source network, the voltages and currents of each
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Fig. 2. Equivalent circuits of Z-source network. (a) Shoot-through state. (b)
Nonshoot-through state.

part satisfy the following relationships:

Uci = Uc2 = Uc
_ _ (1)
ULl = ULz = UL,
Iy =5 =1,
i i 2)
c1 =ig2 = ic

where Uc; and Uc, are the average voltages of capacitance C
and C5, respectively; 1,1 and Ipo are the average currents of
inductance L; and Lo, respectively.

As shown in Fig. 2(a), u;, _s;, indicates the output voltage of Z-
source network in shoot-through states. Between these variables
in Fig. 2(a), we have

uyp, = Uc
tin = 21 (3)
Uin_sh = 0.

In non-shoot-through states, the output current of Z-source
network can be represented by a constant current source i, by
neglecting its ripple content. As shown in Fig. 2(b), uiy_nsn
indicates the output voltage of Z-source network in non-shoot-
through states. Between these variables in Fig. 2(b), we have

u, = Ug —Ug
Iin = o “4)
Uin _nsh — 2UC - Ud .

Within a modulation period T, the duration of the shoot-
through state and non-shoot-through state are 7y, and T,
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Fig. 3. Equivalent circuit of three-phase bridge inverter and BLDCM.

respectively. Average the Z-source inductor voltage uy, over a
modulation period (T3, + Tysn = T), then we have

UcTin + (Ug — Uc) - Tysh = 0. (5)

By (5), the relationship between the Uc and the dc source
voltage Uy is derived as

1 —d

-1 2dq

where ds = Ty, /Ty is the shoot-through duty cycle. By (4),

the relationship between the wu;, s, and Uy in the non-shoot-
through states can be expressed as

Uc Uq (6)

Uin _nsh = 2UC - Ud = Ud = BUd (7)

1 — 2d,
where B = 1/(1 — 2d;) is the boost factor. If 0 < ds < 0.5,
then the boost factor B > 1, so the shoot-through duty cycle
provides the ability to boost voltage for sensorless BLDCM
drive system.

B. PWM Technique of Z-source Inverter-Based
BLDCM Drive System

Fig. 3 shows the equivalent circuit of the three-phase bridge
inverter and BLDCM. The BLDCM is connected to a three-
phase bridge inverter with the six-step commutation, where only
two of the three phases are conducting while the third phase
called “floating phase” is unexcited. The reference directions
of voltages and currents are shown in Fig. 3, where R and
L denote phase resistance and phase inductance, respectively.
According to the actual current direction, the current on the
“positive phase” has the same direction with the reference while
the current on the “negative phase” has the opposite direction
with the reference. v}, vy,, and v, represent the terminal voltages
for the “positive phase”, “negative phase”, and “floating phase”,
respectively. Similarly, 7, 4,, and 4, indicate the phase currents
of the three phases, respectively, and e, e,, and e, indicate
the back EMFs of three phases, respectively. vxo denotes the
voltage of neutral point “N”. w,,, represents the phase-to-phase
voltage between conducting phases. The level of point “O” is
the reference zero level for vy, vy, v,, and vN© .

Fig. 4 shows that the ideal back EMFs of BLDCM are trape-
zoidal waveform and the ideal currents of conducting phases are
square waveform. 6 represents the electrical angle, and the com-
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mutation cycle of each step is 60° electrical angles. As shown
in Fig. 4, each edge of the curve CP represents a commutation
point and each edge of the curve ZCP represents a ZCP of the
back EMF. Moreover, each ZCP leads next commutation point
30° electrical angles. Therefore, by detecting the ZCP of back
EMF of floating phase, and further delaying the corresponding
time of 30° electrical angles, the commutation signals can be
achieved.
The terminal voltages of three phases are shown as

Vp = Rsip + Lq% + €p “+ UNO
Uy = RsZn + Ls (312; + en + UNo (8)

Vo = Rty + Ly (g“ + e, + UNO -

t

Since i, = —i, and e, = —e,, adding the first and the second
equations of (8), the neutral point voltage can be derived as
Up + Un
s

Substituting (9) into the third equation of (8), and considering
1, = 0, the terminal voltage of floating phase can be written as

€))

UNO =

Vp + Un
Vo = >

From (10), if v}, and v,, are available, then v, can be derived,
and the ZCP of ¢, will be obtained.

The conventional PWM provides active power during the
active vectors, and the current freewheel through the antiparallel
diode and MOSFET during the zero vectors, but the shoot-
through vector is forbidden to appear. However, active vectors,
zero vectors, and shoot-through vectors are all allowed for the
PWM of Z-source inverter.

The vector V(x3,xo,x1,x0) is defined to indicate the
switch states of the MOSFETs of the conducting phases,
and bit variables x3,x9, 1,z represent the switch states of
Tpu, Tpr, Tur, Tar, respectively. The state “1” means that the

+ €. (10)
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TABLE I
VECTORS AND OUTPUT VOLTAGE OF Z-SOURCE INVERTER

Vector Upn Tpu Tpo Ton TaL
V(1111) 0 1 1 1 1
¥(1001) thin 1 0 0 1
(0001) 0 0 0 0 1
V(0101) 0 0 1 0 1
¥(1000) 0 1 0 0 0
¥(1010) 0 1 0 1 0

(1 = turn-ON, 0 = turn-OFF).
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Fig. 5. PWM technique for BLDCM (a) Conventional PWM. (b) PWM of

Z-Source inverter.

MOSFET is turned ON, and “0” means that the MOSFET is
turned OFF.

Table I lists the vectors and their corresponding u,,,,. In order
to keep the MOSFETs of floating phase OFF and balance the
shoot-through current, the shoot-through vector V(1 1 1 1) is
produced by simultaneously switching on four MOSFETs of
conducting phases, and uy,, is 0 V during the shoot-through
vector V(1 1 1 1). Similarly, the active vector V(1 0 0 1) is
produced by switching on the MOSFETSs T, and T\1,, and the
Upy equals to uj, during the active vector V(100 1).

Different PWM techniques for BLDCM usually use different
zero vectors. The vectors V(000 1), V(0101), V(1000),
and V(1 0 10) are all zero vectors, and u,,, of these zero vectors
are all 0 V. However, the freewheeling routes among these zero
vectors are different.

As shown in Fig. 5(a), the conventional PWM is implemented
by the modulation level v, and carrier waves. But, as shown
in Fig. 5(b), another modulation level vy}, is utilized to pro-
duce the shoot-through vector for Z-source inverter based on
the conventional PWM.

Compared with the conventional PWM, the active vectors
remain unchanged for the PWM of Z-source inverter, and a part
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of the zero vector is replaced by the shoot-through vector. The
last curve in Fig. 5(b) shows the PWM signals for T7, which
is OFF during the shoot-through vectors and ON during the
non-shoot-through vectors.

III. TERMINAL VOLTAGE OF FLOATING PHASE

The terminal voltage v, and v, are different during various
vectors. As shown in Fig. 6, the MOSFETSs T, Tpr,, Tum, and
T,1, are turned ON during the shoot-through vector V(1 11 1).

Rpg denotes the on-resistance of MOSFET, and up repre-
sents the forward voltage of antiparallel diodes. The currents
flowing through the MOSFET T,;; and T, are ¢; and i, re-
spectively. v, and v, during the shoot-through vectors can be
written as

(11)

vp = (i1 —ip)Rps

Un = (742 - Z‘n)]%DS-

Substituting (11) into (10), and considering 4, = —i,, the

output current of Z-source network during the shoot-through
vectors is 4, = 241, = 41 + 12, then v, can be derived as

v, = 1, Rps + €. (12)

Since Rpg is very small, the term ¢;, Rpg in (12) can be
neglected, and the (12) can be rewritten as

(13)

Vo = €g.

From (13), with the comparator circuit shown in Fig. 6, com-
paring v, with zero reference level during the shoot-through
vector V(1 11 1), the ZCPs of e, can be obtained.

As shown in Fig. 7, the MOSFETs T,5 and T\1, are turned
ON during the active vector V(1 00 1).

v, and v,, during the active vectors can be written as

{Up = Ujp — ipRDs

14
Un = _inRDS' ( )
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Fig. 7. Equivalent circuit during the active vector V(1 00 1).

Uin

Fig. 8. Equivalent circuit during the zero vector V(0 10 1) or V(000 1), (a)
Zero vectoris V(0 1 0 1), (b) Zero vectoris V(000 1).

Substituting (14) into (10), v, can be derived as

Uin
Vo = 7 + e,

From (15), comparing v, with the midpoint level of dc source
Uiy /2 during the active vector V(1 0 0 1), the ZCPs of ¢, can
be obtained.

As shown in Fig. 8(a), the MOSFETs Ty, and T\, are turned
ON with the zero vector V(0 1 0 1). However, T,,;, and D1, are
turned ON with the zero vector V' (0 0 0 1) as shown in Fig. 8(b).

With the zero vector V(0 1 0 1), two MOSFETSs of the con-
ducting phases on the lower arms are utilized to freewheel the
current. v, and v, during zero vector V(0 1 0 1) can be written
as

s5)

v, = —ip Rps
{ Un = _inRDS~ (16)
Substituting (16) into (10), v, can be derived as
Vo = €q- (17)

With the zero vector V(0 0 0 1), Ty, and Dy, are uti-
lized to freewheel the current. v, and v,, during the zero vector

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 30, NO. 3, MARCH 2015
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V(000 1) can be written as

v, = —U
{ v (18)
Uy = _ZnRDS~
Substituting (18) into (10), v, can be derived as
.nR +
’UOZ—#—FBO. (19)

By (17) and (19), since the term ¢, Rpg and up can be ne-
glected in (19), the ZCPs of e, can be obtained by comparing
v, with zero reference level during the zero vector V(0 1 0 1)
or V(00O 1).

As shown in Fig. 9(a), The MOSFETs T,x and T,y are
turned ON with the zero vector V(1 0 1 0). However, T,;r and
Dyy are turned ON with the zero vector V(1 0 0 0) as shown
by Fig. 9(b).

The derivation process is similar to that from (14) to (19), and
v, during the zero vector V(1 0 1 0) can be written as

Vo = Uin + €o- (20)
v, during the zero vector V(1 0 0 0) can be written as
R
Vg :—w + Uiy + €. 21)

By (20) and (21), since the term i, Rps and up can be ne-
glected, the ZCPs of e, can be obtained by comparing v, with
the reference level w;, during the zero vector V(1 0 1 0) or
Va1000).

In conclusion, the vectors and corresponding terminal volt-
ages are listed in Table II.

For the zero vectors V(0 0 0 1) and V(1 0 0 0), there is an
antiparallel diode that participates in the process of freewheel-
ing, and if e, is small, the influence on the ZCP detections
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TABLE II
VECTORS AND TERMINAL VOLTAGES OF THREE PHASES

Terminal Voltage / V

NReion P ;;:;Ze Nle)ﬁztsleve Floating phase
V(1111) (i1-ip)Rps ~ (ir-in)Rps iLRpste,
V(1001) Uin-ipRps -inRps uin/2te,
V(0101) -ipRps -inRps €

V(0001) -up -inRps ~(inRps+up)/2+e,
V(1010) Ui-ipRps  Uin-inRps uinte,
V(1000) Uin-iyRps Uit up -(ipRps-up)/2+uinte,

caused by up should be considered. However, for the zero vec-
tors V(0 1 0 1) and V(1 0 1 0), the freewheeling route does
not contain the antiparallel diode, and the setting of dead-time
is unnecessary for the Z-source inverter.

For the drive system, in order to extend the speed range and
increase the voltage utilization rate of dc source, it is necessary
to reduce the use of the four zero vectors whose ,,, is 0 V. Just
based on this reason, we should try to avoid detecting the ZCPs
during the zero vectors for high-speed operation.

For the active vector V(1 0 0 1) and zero vectors V(1 0 1 0)
and V(1 0 0 0), from (15), (20), and (21), it is easy to find
the voltage component u;,, in these expressions. Limited by the
input restriction of comparator chip and A/D sample module,
v, and reference levels should be attenuated before inputting
to the comparator circuit shown in Fig. 6. But the back EMF
component ¢, is also attenuated. Just based on this reason, we
should try to avoid detecting the ZCP during vectors V(100 1),
V(1 010),and V(100 0) to reduce the detection error.

With the shoot-through vector V(1 1 1 1), though the voltage
Upy 18 0V, the shoot-through vector is a boosted vector for the Z-
source inverter-based BLDCM drive system, so the existence of
shoot-through vector would not influence the utilization rate of
dc source voltage. In addition, from (12), the voltage component
ui, and up are not contained in the expression of v,. By limiting
the terminal voltages with diodes, the ZCPs of floating phase can
be obtained by the comparator circuits during the shoot-through
vectors.

IV. PROPOSED APPROACH TO ZERO-CROSSING POINT
DETECTION OF BACK EMF

The shoot-through vector introduced by the Z-source inverter
provides a new window for detecting the ZCP of back EMF
of floating phase. The six-step commutation method shown in
Fig. 4 is used to drive the BLDCM. In each modulation period
T, the terminal voltage of floating phase is compared with zero
reference level during the shoot-through vector V(1 1 1 1). The
detection point is fixed at the end of each shoot-through vector,
and never switched at any speed range. The ZCP will be acquired
when the compared results change relative to the previous cy-
cle. Then, start a timer to delay the corresponding time of 30"
electrical angles, and the commutation signals can be achieved.
In addition, the shoot-through vector will increase the dc source
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Fig. 10.  Schematic of the proposed approach for sensorless BLDCM.

voltage to meet the requirement of BLDCM rated voltage. More-
over, with the proposed approach, the motor speed-adjustment
will be achieved by adjusting the active vector duty cycle d;.
The schematic of the proposed approach for sensorless BLDCM
is shown in Fig. 10.

By (7), the average value of u},, can be derived as

dy
1 — 2d,

where d; is the active vector duty cycle and U,, is the average
value of up,. The constraint relationship between d; and d
is 0 <d; <1—ds. By (22), for a given dg, the U,, gets the
maximum value without any zero vector, namely d; = 1 — dj.
The maximum value Uy, . can be expressed by

1—d,
1— 2d,

By (6) and (23), Uy ax and Uc have the same expression,
namely Uy, .x = Uc. Therefore, U,,,x can be obtained by mea-
suring the capacitor voltage Uc.

The requirement of BLDCM rated voltage Uy can be satisfied
when Uy, .« > Uy, and the minimum ds should be ensured to
enable the normal ZCP detections. If 7y = 100 s, under the
experimental condition in this paper, it is necessary to continue
the shoot-through vector for 10 us at least, namely ds > 0.1,
for the accurate detection. dg can be set offline according to the
demands.

When Uy < Uy, substituting Uy, .x = Uy into (23), the mini-
mum shoot-through duty cycle d;_,, i, satisfying the requirement
of Uy, can be calculated as

Uav = dl Uin_nsh = Ud (22)

Umax = Ud . (23)

Ux — Uqg

20y — Ug’
When Uy > Uy or dg_min < 0.1, to ensure the normal ZCP

detections, the shoot-through duty cycle should be at least set as

(24)

ds _min —

d, = 0.1. 25)
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Fig. 11. Rising edge and falling edge of the terminal voltage of floating phase.
(a) Zero vector is V(0 1 0 1). (b) Zero vector is V(1 01 0).

In conclusion, the calculation method of dg can be summa-
rized as

d min U Z U d d mnin 201
ds _ { S _] N d an S_1 (26)

0.1 , Uv< Uy or ds_pmim <0.1

d; can be calculated offline or controlled by the reference speed
n* and the actual speed n. With the zero vector V(0 1 0 1), the
rising edge and falling edge of v, are shown in Fig. 11(a). As
shown in Fig. 11(b), the zero vector is changed to V(1 0 1 0).

For Fig. 11, it is worthwhile to note that the antiparallel diode
D, of floating phase will be turned ON with e, > up during
the shoot-through vectors, so it is easy to find that v, = up > 0
in Fig.11. Similarly, the antiparallel diode D,y, of floating phase
will be turned ON with e, < —up during the shoot-through
vectors, so it is easy to find that v, = —up < 0. As shown in
Fig. 11, this phenomenon does not affect the ZCP detections. In
addition, the ZCP detection should be executed after the commu-
tation process. If the duration of freewheeling current in floating
phase is more than the corresponding time of 30" electrical an-
gles in special case, the ZCP detection will be influenced by
the freewheeling current, and the acceleration of commutation
process is necessary.

For the proposed approach, the ZCP detection is executed
during the shoot-through vector, and is independent of the zero
and active vectors, so it is unnecessary to set different refer-
ence levels for various PWM techniques. Moreover, the shoot-
through vector does not influence the motor speed-adjustment
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Fig. 12.

Experiment prototype.

TABLE III
PARAMETERS OF BLDCM AND Z-SOURCE INVERTER

Parameters Value
Rated voltage Uy 24V
Rated power Py 70 W
Rated current Iy 4 A

Rated load Ty 0.23 N-m
Rated speed ny 3000 r/min
Pairs of poles p 5
Z-Source inductance L,=L, 1.5 mH
Z-Source capacitance C,;=C, 470 uF
PWM frequency 10kHz

directly, so it is also unnecessary to switch the detection points
and reference levels according to the speed range.

V. IMPLEMENTATION AND EXPERIMENTAL RESULTS

As shown in Fig. 12, the experimental prototype is built to
verify the correctness of theories and the effectiveness of the
proposed approach.

In the prototype where the controller is TMS320F28335 pro-
duced by TI Company, the clock frequency is 150 MHz, and the
MOSFET is IRFB7430PBF. As shown in Fig. 6, the comparator
circuits are implemented by three independent comparator chips
LM393A. The basic parameters of the BLDCM and Z-source
inverter are listed in Table III.

The experimental prototype is supplied by an Agilent
N5767A dc source. The experimental results are recorded by
a digital oscilloscope DLM2024, with a logic probe PBL100 to
acquire the PWM signals, zero-crossing signals, commutation
signals, and hall signals. The load of the BLDCM is provided
by a dynamometer which can display the speed of BLDCM in
real time.

The proposed approach does not use any position sensors and
current sensors. But in order to validate the proposed method,
the phase current 7, is measured by a current sensor and hall
signals HA, HB, HC are outputted by hall sensors. When the
motor is stationary or in a very low speed, the back EMFs are too
small to be detected, so it is necessary to accelerate the motor by



XIA AND LI: Z-SOURCE INVERTER-BASED APPROACH TO THE ZERO-CROSSING POINT DETECTION OF BACK EMF

9:4420ns!

Fig. 13.  Experimental result with different types of zero vectors. (a) Zero
vector is V(0 1 0 1). (b) Zero vectoris V(101 0).

an open-loop start method illustrated in [28]. The corresponding
time of 30" electrical angles can be calculated by the interval
time of latest two ZCPs, and this method is illustrated in detail
in [29].

The PWM used in the experiment has been shown in Fig. 5(b).
Set Uy = 17V,ds = 0.3,d; = 0.3, and the load torque 71, =
0.23N - m. With the zero vector V(0 1 0 1) and V(1 0 1 0),
the experimental results are shown in Fig. 13(a) and (b), respec-
tively.

As shown in Fig. 13, each figure from top to bottom is the
terminal voltage of phase “a”, phase current of phase “a”, three
hall signals HA, HB, HC, the zero-crossing signals ZCP, and
commutation signals CP. The motor speeds displayed by the
dynamometer are all 1250 r/min. From Fig. 13, it can be found
that the approach guarantees precise correspondence between
commutation signals and hall signals, and that stable operation
can be obtained. In addition, the details of terminal voltage of
phase “a” around the ZCP are shown in Fig. 14.

As shown in Fig. 14, each figure from top to bottom is
the terminal voltage of phase “a”, PWM signals of phase “c”

113 n
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Fig. 14.  Details of terminal voltage of phase “a” around the ZCP with different
types of zero vectors. (a) Zero vectoris V(010 1), (b) Zero vectoris V(10 10).

(CH, CL), PWM signals of phase “b”(BH, BL), and the zero-
crossing signal(ZCP). The phase “a” is the floating phase at this
commutation step, and the PWM signals are all active low. From
Fig. 14, it can be found that there is no dead zone between zero
and active vectors, and that the ZCP of floating phase can be
detected correctly with different types of zero vectors.

According to Figs. 13 and 14, with different types of zero
vectors, though the waveforms of terminal voltages of the float-
ing phase are different, the commutation signals always have the
same effect with the hall signals. Hence, the proposed approach
is not influenced by the types of zero vectors, and is available
for several kinds of PWM techniques.

The proposed approach adjusts the motor speed by chang-
ing the active vector duty cycle. In order to test the perfor-
mance of the proposed approach with different speeds, set
Ug =17V,ds = 0.3, and Ty, = 0.23N - m. Under the rated
load condition, d; is set as 0.7, 0.5, and 0.1, respectively, and
the experimental results are shown in Fig. 15.

As shown in Figs. 13 and 15, with the increase of the ac-
tive vector duty cycle, the motor speed also increases. When
d; = 0.7, the motor speed reaches to the rated speed, and the
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Fig. 15. Experimental results with different active vector duty cycle, (a) d; = Fig. 16
0.7, n = 3000 r/min, (b) d; = 0.5, n = 20007 /min, (¢) dy =0.1, n = o
150 r/min.

Experimental result with different shoot-through vector duty cy-
cle. (a)ds = 0.4, n = 3250 r/min, (b) ds = 0.2, n = 1300 r/min, (¢) ds =
0.1, n = 1100 r/min.
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Fig. 17. DC source voltage and the capacitor voltage of Z-source inverter.

zero vector does not exist within a modulation period. However,
when d; = 0.1, the motor operates at a very low speed of about
150 r/min. From another perspective, without switching the de-
tection points and the reference levels, the BLDCM can operate
within a wide speed range under the rated load condition, and
the dc source voltage can be lower than the rated voltage of
BLDCM, in other words, the dc source voltage can be fully
used. It is easy to find that the duration of freewheeling current
in floating phase is about 200 us in Fig. 15(a), so the commu-
tation process does not influence the ZCP detection under the
rated condition. If the motor speed reaches to 5000 r/min, the
corresponding time of 30" electrical angles is about 200 s, and
the ZCP detection may be affected under this special condition.

In order to test the performance of the proposed approach with
different dg,set Uy = 10V, dy = 0.3,and 71, = 0.02N - m. Un-
der the lightly loaded condition, ds is set as 0.4, 0.2, and 0.1
respectively, and the experimental results are shown in Fig. 16.

As shown in Fig. 16, with different d;, the proposed approach
can get the zero-crossing points and the commutation points
accurately, and it is also suitable for the lightly loaded condition.

For a given d; = 0.5, d; steps by an increment of 0.1 from
0.1 to 0.4, then the motor speed also increases. The motor can
operate stably in accelerating state when the d; steps to another
value. The waveforms of Uy and U are shown in Fig. 17.

For a constant Uy, Uc is larger than Uy with different ds.
Since Uy, .x = Uc, the experimental results illustrate that Uy, .
is also larger than Uy. To be noted, because of the influence
of parasitic parameters, the experimental results above may be
slightly less than the theoretical values [20].

VI. CONCLUSION

In this paper, the Z-source inverter-based approach to the
ZCP detection is proposed for sensorless BLDCM. The pro-
posed approach detects the ZCPs during the shoot-through vec-
tors, and uses the zero-vectors and active-vectors to adjust the
speed of BLDCM, separating ZCP detections and speed adjust-
ment. This paper illustrates the topology and PWM technique of
Z-source inverter, analyzes the terminal voltages of the floating
phase during each vector. At last, a 70-W experimental proto-
type is built, and the experimental results verify the correctness
of theories and the effectiveness of the proposed approach.
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In conclusion, the proposed approach has the following ad-

vantages:

1) Z-source inverter provides the ability to boost voltage for
sensorless BLDCM drive system, and then the utilization
rate of dc source voltage can be improved effectively, so
it is suitable for the industrial applications supplied by
low-voltage dc source;

2) Z-source inverter further improves the safety of the drive
system, and makes it unnecessary to consider the setting
of dead-time for complementary PWM technique;

3) with the proposed approach, the sensorless BLDCM can
operate within a wide speed range without switching the
detection points and the reference levels, moreover, the
ZCP detections are not influenced by the types of zero
vectors, so it is unnecessary to change the reference levels
according to the PWM technique;

4) without attenuation of the terminal voltages, the terminal
voltages limited by diode can be directly compared with
the reference zero level during the shoot-through vectors,
so the detection error may be reduced.
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