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three-phase six-switch (TPSS) inverter is utilized in these
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(2) (b)
Fig. 2. The equivalent circuits of proposed IPMSM sensorless drive system fed by TPFS inverter with one single current sensor: (a) Switching state of Voo, (b)
Switching state of V10, (¢) Switching state of V11, (d) Switching state of Vor.

TABLE I
RELATIONSHIP BETWEEN THREE PHASE CURRENTS AND DETECTED CURRENT
UNDER DIFFERENT SWITCHING STATES.

(Sb, Se) Action Vector i i i1— i

0, 0) Voo 0 -in in=-(is+ic)
(1, 0) Vio iB ic B~ ic

1, 1) 401 -ia 0 -ia=ip+ic
0, 1) Voi ic iB ic—iB

schemes for signal injection and rotor position estimation [18],
[20]. However, if switches in one bridge arm of TPSS inverter
is broken, as have been briefly mentioned, these methods will
become invalid to use due to topology change [17]. IPMSM
sensorless control schemes fed by TPFS inverter was studied in
[25], [26], whereas, these literatures focused on the model
based methods, which are not suitable for stand-still and low
speed applications. Besides, the phase currents utilized in these
methods are detected by phase current sensors directly, which
brings more cost increase.

Due to the limitation of current source output bandwidth, in
most HF signal injection methods, the injected signal is HF
rotating circular voltage rather than current signals. Because the
rotor position is contained in HF components of the phase
currents, precise detection of the phase currents is a matter of
significance in the sensorless control system [23]. Usually this
is implemented by installing three or at least two phase current
sensors. Considering reliability and cost-efficiency, phase
current reconstruction strategies have been proposed to remove
the phase current sensors, and only one single bus current
sensor is used. These methods are based on the relationship
between bus current and three phase currents under different
switching states [29], [38]. In order to apply the phase current
reconstruction technology, vector synthesis strategy and PWM
generation method need modification due to existence of the
current reconstruction dead zones, which is caused by power
switches dead time, diode recovery time, and AD sampling
time, etc.

In this paper, IPMSM sensorless control strategy fed by
TPES inverter using a single current sensor is proposed to
further increase the fault-tolerant capability of the drive system,
especially when the system is near the end of its operational life
span period. The proposed strategy is realized by small
modification of the inverter topology and voltage projection on
the proposed &-/ axis coordinate system. The proposed strategy
needs only one single current sensor and no position sensor.

Bt current sensor

© (d)

The principle and topology of the proposed phase current
reconstruction strategy is illustrated. Afterwards, the current
reconstruction dead zones and vector synthesis method are
studied detailedly. Meanwhile, the zero vector synthesis
scheme and PWM signals generation method are also
illustrated. Finally, HF voltage injection method in the
proposed drive system is deduced in detail.

This paper is organized as follows. In section II, the principle
and topology of the proposed drive system are illustrated. In
section III, the current reconstruction dead zones and vector
synthesis method are explained. In section IV, zero vector
synthesis strategy and PWM generation method are presented.
In section V, HF voltage injection method in the proposed drive
system is derived. Simulation and experimental results are
given in section VI and VII. The conclusion is displayed in the
final section.

II. PROPOSED PHASE CURRENT RECONSTRUCTION SCHEME IN
TPFS INVERTER

The topology of the proposed IPMSM sensorless drive
system fed by TPFS inverter with a single current sensor is
illustrated in Fig.2. In the figure, the currents flow in the
defined positive directions. The current sensor is installed to
detect subtraction of current i; and &, i.e., i1 — i.

In this paper, S, and S. are defined to denote the switching
states, where “1” represents closing state of the upper switches,
whereas binary “0” represents closing state of the lower
switches. Therefore, relationship between the three-phase
currents and detected current are displayed in Table I. From the
table it can be seen that the three-phase currents can be
calculated by using the detected current values along with any
two adjacent voltage vectors. Simultaneously, any voltage
vector can be synthesized by two adjacent voltage vectors,
which makes it possible for phase current reconstruction in
TPFS inverter.

III. CURRENT RECONSTRUCTION DEAD ZONES AND VECTOR
SYNTHESIS METHOD

As has been mentioned before, due to the existence of power
switch dead time, diode recovery time, and AD sampling time,
the minimum action time 7mix of both the two vectors used in
the current reconstruction scheme is required during the whole
switching period Ts. However, in some regions the action time
of'either one or both the two vectors is shorter than Tmin, and the
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Fig. 3. Current reconstruction normal areas and dead zones in TPFS inverter:
(a) Vbct = Voez, (b) Vpei < Voc, (€) Vet > Vbea.

current reconstruction dead zones are formed in these regions,
which are illustrated in Fig.3 (b). In Fig.3, the dead zones
consist of two parts, i.e., the sector boundary area and low
modulation area. In the normal areas, the vector synthesis
method can be directly used for phase current reconstruction,
whereas in the dead zones, the vector synthesis method have to
be modulated before it can be used to reconstruct the phase
currents.

In this paper, a vector synthesis method is proposed for
current reconstruction. Any voltage vector is synthesized by the
two basic adjacent voltage vectors. The condition Vpci < Vpcz
for the two unbalanced capacitor voltages is analyzed in detail.
1) Vbci < Vper

There are four sectors in the output voltage area as shown in
Fig.4 (b). The basic vectors Voo and Vi are in the opposite
directions with different values, whereas, V1o and Vo are equal
in value but in the opposite directions with angular deviation.
All these factors should be considered in the vector synthesis
process.

In the normal areas and current reconstruction dead zones of
sector I, vectors Voo and Vg are used to synthesize the output
voltage both with the action time of no shorter than 7w, and
therefore V11 and Vo1 are served as the compensative voltage
vectors to balance the extra voltage vector. The situations in the
remaining three sectors are similar. After calculation, the
values in Fig.4 (b) are

|oal = (1= 2d i, ) Vo Tdumin (Ve = Vocr)
|OC| = (1 —2din )VDCI —dnin (VDC2 - VDCI)
|oby| =od;| = (1= 2d 'V/VDC1)'\/§V/W (1)
|oby| =lod,| = (1=2dy -V [Vics )'\/gV/W

|Oe| = \/§VDC1/2

u=coty =(Vpe, —VDCI)/(Z\EV) (2)

w:sin;f:l/\/1+u2 3)

where, V'pc1 and Vpc2 are the two bus voltage values which are
illustrated in Fig.2; dmin is the minimum duty cycle
corresponding to the minimum action time Tmin; V represents

10

/1

o1

(a)
Fig. 4. Vector synthesis method in current reconstruction dead zones: (a) Vbci
= Vbca, (b) Vpc1 < Vbez, (€) Voer > Voea.

the average value of the two capacitor voltages; # and w are the
cotangent and sinusoidal values of y as shown in Fig.4, which
denote the fluctuation degrees of the two DC capacitor
voltages.

From Fig.4 (b), it can be seen that the judgment of actual
output voltage range containing the circular output voltage is
based on the following condition

|oc| >|oe]. @)
By substituting (1) into (4)

4y < 2B Vocr

5
in < ©)

If the minimum duty cycle dmin dissatisfies (5), the actual
circular output voltage will be reduced.
2) Voc1> Vpez

Similar to the above analysis, results under this condition are
illustrated in Fig.4 (c), and the values in the figure are

|oa| = (1-2d s )Vpe2 = dinin (VDCI ~Vbea )

loc] = (1= 2d i ) Voc1 +dumin (Voct = Vocz)

Joby| = lod)| = (1= 2y ¥ [Voea )3V /w . (6)
|oby | =od, | = (1-2d,, 'V/VDC1)'\/§V/W

|Oe| = \/EVDC2 /2

From Fig.4 (c), it can be seen that the judgment of actual
output voltage range containing the circular output voltage is
based on the following condition

|0a| > |oe| . @)
By substituting (6) into (7)

< ﬁ@ ®)

d._.
min 4 %
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Fig. 5. PWM signals and current sampling points: (a) Sector I, (b) Sector II, (c) Sector III, (d) Sector IV.

3) Vbci = Vb2
The results derived under this condition are shown in Fig.4
(a), and the values in the figure are

|oa| = |oc| =(1-2dp )V
|ob] =|od| = (1-2d p )N3V - 9)
|oe| = \/gV/Z

From Fig.4 (a), it can be seen that the judgment of actual

output voltage range containing the circular output voltage is
based on the following condition

|oa| > |oe| . (10)
By substituting (9) into (10)

d_. <2_\/§.

11
min 4 ( )

With the analysis above, the voltage values under the three
conditions in Fig.4 can be derived as

|oa| = (1= 2d o )W ca +umin (Voea = Voc: )

|OC| = (1= 2din ) Vet = duin (Voe2 = Voer)

|ob| = |od| =[1-2d,y;, -V /min (Vpey, Ve ) |- N3V /w
|oe| = x/gmin(VDCl,VDC2 )/2

(12)

In (12), |ob| and |od| represent |ob1| and |od| respectively in
both Fig.4 (b) and (c). The judgment of actual output voltage
range containing the circular output voltage can be made by
using the condition displayed below

d < z_ﬁmin(VDCIDVDCZ).

13
min 4 V ( )

IV. ZERO VECTOR SYNTHESIS STRATEGY AND PWM
GENERATION METHOD

A. Zero vector synthesis method

TPES inverter inherently has no zero vector, and the
equivalent zero vector can only be synthesized by the four
available basic vectors. In this paper all the four vectors Voo, V1o,
V11, and Vo1 are applied. The unequal values of Voo and Vi and
the incompletely opposite directions of Vo and Vo will be

taken into consideration. The action time of the four vectors can
be deduced as

Tzer0710=T26r0701 = t/4
Tero 00=t Vo1 /4V
Tyero 11=1 Vb2 /4V (14)
t — TZerO
I+ |VDC1 _VDC2|
4-min (Vper,Vpea)

where, Trero 00, Tzero 10, Trero 11 and Trero 01 are the zero vector
component time of vectors Voo, V10, V11, and Voi, respectively;
Tero 18 the total zero vector time.

The action time of compensational vector used to balance the
components of vectors V1o and Vo on the /-axis is

T _ |VDC1 _VDC2| t 15
zero Add ™~ . v Vv ’ Z ( )
min (Vpe1,Vpe2 )
where, Tero_add 15 the zero vector compensation time of vectors
on the /-axis.
If Vbci>Vpea, the compensational vector is Voo, otherwise the
compensational vector is V7.

B. PWM signals and current sampling points

In the previous part, the zero vector synthesis method is
introduced. In this paper, PWM signals are derived based on the
proposed zero vector synthesis method using all the four
vectors. PWM signals and current sampling points are
illustrated in Fig.5. There are two bus current sampling points
in each PWM cycle for phase current reconstruction.

V. PRINCIPLE OF HF VOLTAGE INJECTION SENSORLESS
CONTROL FED BY TPFS INVERTER

Generally TPSS inverter is utilized in IPMSM sensorless
control schemes for signal injection and processing to estimate
the rotor position. However, if the inverter is broken due to
open-circuit fault of switches in one bridge arm, these methods
will become invalid because of topology change. In order to
apply the sensorless control technology in IPMSM drive
system fed by TPFS inverter, some adjustments need to be
made in HF voltage injection methods. HF circular voltage
signal injected into the motor winding is

u, =U, e (16)

Page 4 of 10



Page 5 of 10

©CoO~NOUTA,WNPE

IEEE Transactions on Mechatronics

LU et al.: HIGH FREQUENCY VOLTAGE INJECTION SENSORLESS CONTROL TECHNIQUE FOR IPMSMS FEDBY 5
THREE-PHASE FOUR-SWITCH INVERTER WITH A SINGLE CURRENT SENSOR

ED_’ @_In o Continuous HE
© In @_Ou | | HE
- w_Fdb powergui HFSiona
SpeedController 1q% . Out 2
— iq iqOu Vq v,
0 id*. d
id 1dOut v

—> thetaVp

Current
Controller

thet

(0]
|_ .. thetaje— Estimation!
Tag

It
ey Filters

L Current

thetaIh
[0}

Estimation1

Filters1

Current Three

Alpha Current

Beta Signals Signals

Current Reconstruction

Load

- Th
Vbpc T |__ A . n
. B )
- 3 — i (EDT

é'_ | TwoArmBridge IPMSM

TN

Fig. 6. PWM signals and current sampling points: (a) Sector I, (b) Sector II, (c) Sector III, (d) Sector IV.

where un denotes the injected HF circular voltage signal; Unx
represents the amplitude of the injected signal; wy is the electric
angular velocity of the injected signal; ¢ represents time.

In the Clark coordinate system, the injected HF signal can be
described as

{uu =U,, cos(m,t) (17)

ug = Uy, sin (@)

where u, and ug represent projections of the injected HF signal
on the a- and B-axis respectively in the Clark coordinate
system.

In this paper, a nonorthogonal-nonlinear &-/ axis coordinate
system is utilized as shown in Fig.3 (b). In the coordinate
system Voo and V1 are in the positive and negative directions of
k-axis respectively, whereas Vo and Vo are in the positive and
negative directions of /-axis respectively. The corresponding
representation of a P(x, y) on the .-/ axis P(x', )') can be
deduced as (18), which is shown in Fig.4 (b)

y'=y/w

where x and y are the coordinates of point P in the Clark
coordinate system; x' and )" are projections of point P on the &-/
coordinate system.

Thus the injected HF voltage signal on the 4-/ axis can be
described as

{uk:ua-uwUh[cos(wh»—u'ism(whﬂﬂ 19)
u = uy Jw=Uy sin (wyt)/w

where u; and u; represent projections of the injected HF signal
in the k- coordinate system.

Then the rotor position can be obtained by analyzing HF
components of the reconstructed phase currents.

VI. SIMULATION RESULTS

In order to verify the effectiveness of the proposed IPMSM
sensorless control strategy fed by TPFS inverter using phase

TABLE II
MAIN PARAMETERS OF IPMSM USED IN SIMULATION AND EXPERIMENT.
Parameter Value Parameter Value
Rated power S5kW d-axis Inductance 4.2 mH
Inverter DC voltage 540V g-axis Inductance  10.1 mH
Rated torque 15SN'm Phase resistance 0.18Q
Pole pairs 3 Maximum speed 3000 r/min

Rotor inertia 0.0023 kg-m?

current reconstruction, simulations have been carried out in
MATLAB/Simulink as shown in Fig.6. The main parameters of
IPMSM used in simulation are given in Table II, and the
parameters of the injected HF signal are 40V, 1000Hz. The
PWM switching frequency is 10 kHz, and the minimum
switching state time Tmin is set as 5 ps. In the simulation system,
phase-A winding of IPMSM is connected to the neutral point of
the two bus capacitors. The reconstructed three-phase currents
are utilized for position estimation and speed control. For
comparison purpose, the estimated rotor position by using the
actual currents are also analyzed. In addition, different working
conditions of IPMSM are tested, including the starting mode,
load disturbance mode, and speed reversing mode.

A. Phase current reconstruction strategy

Fig.7 shows the simulation results of the proposed phase
current reconstruction scheme. In the figure, Sb and Sc are the
PWM signals of the upper switches in phase B and C. ij-i; is
defined in Fig.2. ia, is, and ic represent the actual three-phase
currents, respectively. ia', ig', and ic' denote the reconstructed
three-phase currents, respectively. Ist and 2nd are the two
sampling points for current reconstruction in each PWM cycle.
The 1st sampling point in each PWM cycle is marked with pink
dotted line, whereas the 2nd sampling point is marked with
orange dotted line.

The output voltage vector in Fig.7 is located in sector III &
IV. In sector III, the 1st sampling point lies in the action period
ofvector V11, and the value of the detected current, i; — i, 1S -ia.
The 2nd sampling point lies in the action period of vector Vo,
and the value of the detected current is ic — ig. Therefore, the
reconstructed three phase currents iA', ig', and ic' can be
calculated after the 2nd sampling point in each PWM cycle.
From Fig.7 (d), it can be seen that the proposed phase current
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Fig. 7. Simulation results of phase current reconstruction of proposed scheme:
(a) PWM signals, (b) Actual phase currents and action vector, (c) Detected
current, (d) Reconstructed phase currents.
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Fig. 8. Simulation results of speed response of IPMSM sensorless drive
system fed by TPFS inverter.

reconstruction scheme 1is effective to mimic the actual
three-phase currents.

B. Sensorless control performances

Fig.8 shows the speed response curve of the sensorless drive
system. At 0.01 s the speed changes from 0 to 500 rpm with a
load of 10 N-m. At 0.33 s a sudden load of 3 N-m is removed
from the motor shaft. Then at 0.6 s a sudden load of 3 N'm is
added to the motor shaft. Finally, at 0.83 s the output speed is
set to -500 r/min (speed reverse).

Fig.9 shows the simulation results of the actual and
reconstructed three-phase currents of the sensorless drive
system. ia, i, and ic represent the actual three-phase currents,
whereas i, ig', and ic' denote the reconstructed three-phase
currents. From the figure, it can be seen that the reconstructed
phase currents track the actual ones accurately, even in the
dynamic process of the phase currents.

Fig.10 shows the simulation results of IPMSM sensorless

0.00 0.25 0.50 0.75 1.00
Time (s)

Actual and reconstructed three
phase currents (10 A/div)

Fig. 9. Simulation results of actual and reconstructed phase currents of
IPMSM sensorless drive system fed by TPFS inverter.
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Fig. 10. Estimation results of IPMSM sensorless drive system fed by TPFS
inverter using actual and reconstructed phase currents.

Oscilloscope

Fig. 11. Experimental setup.

control strategy fed by TPFS inverter: Fig.10 (a) shows the
estimation results by using the actual three-phase currents, and
Fig.10 (b) shows the estimation results by using the
reconstructed three-phase currents. In the figure, 8 denotes the
actual rotor position. ' and 6" represent the estimated rotor
positions using the actual and reconstructed three-phase
currents respectively. AG' and Af" are the estimation errors
corresponding to @' and 6" respectively. From the figure it can
be clearly that seen that estimation errors of [IPMSM sensorless
drive system fed by TPFS inverter are acceptable. By applying
the actual phase currents, the estimation errors are controlled
within about +0.075 rad, whereas, by applying the
reconstructed phase currents, the errors are larger but are still
controlled within a tolerable value of +0.1 rad.

VII. EXPERIMENTAL RESULTS
To further verify the effectiveness of the proposed IPMSM

Page 6 of 10
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Fig. 12. Experimental results of proposed phase current reconstruction scheme
(here, sector III): (a) PWM signals, (b) Detected current and actual phase
currents, (¢) Reconstructed phase currents.

sensorless control strategy fed by TPFS inverter using a single
current sensor, an experiment platform is set up as shown in
Fig.11. The main parameters of IPMSM used in experiment are
displayed in Table II. The parameters of the HF signal are 30V,
1000Hz. The controller is supplied by three-phase AC voltages
with the amplitude of 380 V, with a rectifier and multi-level DC
output power converter installed. An intelligent power module
(IPM), Mitsubishi PM75RLA120, is used as PWM-VSI with
the frequency of 8 kHz. Phases B and C of the motor winding
are connected to the corresponding output terminals of IPM. A
single current sensor is applied in the experiment platform to
detect ij-i> as shown in Fig.2. On the platform, a DSP,
TMS320F2812, is utilized to implement the proposed strategy,
sample the current, and generate PWM signals, etc.

A. Phase current reconstruction strategy

The experimental results of the proposed phase current
reconstruction scheme are displayed in Fig.12 (here, sector III).
In the figure, Sy and S. are respectively the PWM signals of the
upper switches in phase B and C. i1-i» is defined in Fig.2. i4, 5,
and ic represent the actual three-phase currents respectively. ia',
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Fig. 13. Experimental results of proposed scheme in constant speed mode
(speed=100 rpm): (a) Actual and reconstructed phase currents, (b) Estimation
results and output speed.

ig', and ic' denote the reconstructed three-phase currents
respectively. Labels (k-1), (k), and (k+1) represent the PWM
cycle sequences. The period of each PWM cycle is 125 ps, in
which the two sampling points are in the middle of the
corresponding vector periods and are marked with different
symbols.

In sector III, the sequences of the action vectors are Vi1, Vio,
Voo and Vo1 in each PWM cycle. Therefore, in the figure, the
waveform of current ij-i; has four stages corresponding to the
sequences of the four vectors: -ia', ig'-ic', ia' and ic'-ig'. The first
sampling point in each PWM cycle is for current -ia' with
square symbols; the second sampling point in each PWM cycle
is for ic'-ig' with inverted triangle symbols. From the figure it
can be seen that the reconstructed three-phase currents track the
actual ones accurately.

B. Sensorless control performances

Fig.13 shows the experimental results of the proposed
IPMSM sensorless control strategy fed by TPFS inverter using
one single current sensor in the constant speed mode. Fig.13 (a)
shows the actual and reconstructed three-phase currents. Fig.13
(b) presents the rotor position estimation results and the actual
output speed of the drive system. The motor speed is set to 100
rpm in this condition. Compared to the actual current waveform
in simulation, the experimental results have more burrs. This is
due to the presence of white noise in the system and
interference of the current sensor. In addition, the existence of
HF current components also causes non-sinusoidal waveforms.
However, the performance of the drive system is acceptable, in
the figure, the estimated rotor position track the actual one
accurately. The estimation error is controlled within 0.1 rad.
The output speed is stable and is controlled at 100 rpm.

To further prove the applicability of the proposed strategy,
the experimental results in the starting mode are displayed in
Fig.14. Fig.14 (a) illustrates the current reconstruction results.
Fig.14 (b) shows the actual and estimated rotor positions
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Fig. 14. Experimental results of proposed scheme in starting mode (speed
from O rpm to 100 rpm): (a) Actual and reconstructed phase currents, (b)
Estimation results and output speed.

together with the output speed of IPMSM. In the experiment
process, the motor speed command changes from 0 rpm to 100
rpm. In this case, the reconstructed three-phase currents track
the actual ones well. In the figure, the estimation error is
controlled within +0.1 rad. The motor speed rises steadily from
0 to 100 rpm.

In order to validate the effectiveness of the proposed strategy
in fast dynamic process of the system, experiments have been
carried out in the speed reversing mode of the motor. The speed
command changes to -100 rpm abruptly when the motor is
running at 100 rpm steadily. The experimental results in this
condition are illustrated in Fig.15. Fig.15 (a) exhibits the
experimental results of the actual and reconstructed three-phase
currents. Fig.15 (b) shows the experimental results of position
estimation and output motor speed. In the figure, the actual
currents change fast in the speed reversing process. It can be
seen that in the fast dynamic process the reconstructed
three-phase currents can also track the actual ones well. The
estimation error is controlled within +0.1 rad. The output motor
speed follow the command smoothly from 100 rpm to -100

rpm.

VIII. CONCLUSION

An IPMSM sensorless control system fed by TPFS inverter
using a single current sensor is proposed in this paper. To
implement the proposed strategy, three-phase currents are
reconstructed from the bus current by the single current sensor
with minor topology change. The principle of the proposed
phase current reconstruction strategy is studied in detail. The
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Fig. 15. Experimental results of proposed scheme in speed reversing mode
(speed changes from 100 rpm to -100 rpm): (a) Actual and reconstructed phase
currents, (b) Estimation results and output speed.

zero vector synthesis method is deduced and the corresponding
PWM generation method together with current sampling points
in each PWM cycle is illustrated. The sensorless control
strategy using HF voltage injection in the proposed drive
system is investigated. The effectiveness of the proposed
IPMSM sensorless control scheme using a single current sensor
is verified by the simulation and experimental results ona 5 kW
IPMSM motor prototype.

The main contributions of this paper are listed as follows.

1) A low-cost IPMSM drive is proposed by using one
current sensor without position sensors. The proposed
TPFES inverter only needs a small modification of the
inverter topology based on the conventional one, which
achieves the fault-tolerant ability when one bridge arm
of the inverter fails.

2) The two current sampling points for current
reconstruction are within the period of action vectors in
each PWM cycle. Therefore, no additional voltage
pulses are required for current reconstruction.

3) A k-l axis coordinate system is proposed for sector
identification and vector projection, which is simple
and effective for the proposed strategy.

From the results, it can be seen that the reconstructed phase
currents track the actual ones accurately in different working
conditions, e.g., the constant speed mode, starting mode and
speed reversing mode. The estimation error of the drive system
by using the reconstructed phase currents is within +0.1 rad,
which is promising. By using the proposed scheme, the cost of
IPMSM drive system can be significantly reduced and the
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reliability can be improved accordingly.
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