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Novel Compensation Method
for Current Distortion in IPMSM
with PWM Carrier-Synchronized Voltage Injection

Tetsuji Daido, Member, IEEE, Ryo Hisamatsu, Taisei Araki, and Shin-ichi Hamasaki, Member, IEEE

Abstract— A high-frequency signal voltage injection
method synchronized with the carrier wave of pulse-width
modulation (PWM) can be used to estimate the rotor
position of interior permanent magnet synchronous motors
(IPMSM) by the accompanying high-frequency current. In
the signal voltage injection method, the sampled current
differs from the actual instantaneous current at the instance
of switching. However, the inverter output voltage error
strongly depends on the output current amplitude and
polarity. In this paper, we propose a method to compensate
for the inverter output voltage error in each half of the
PWM carrier period. Moreover, a technique for estimating
the instantaneous current values based on the mathematical
model of IPMSMs ensures that the proposed method can be
combined with the signal voltage injection method. The
proposed method was verified experimentally, and it
resulted in a reduction in the low-order current distortion
even when the output current has a large current ripple.

Index Terms— carrier-synchronized signal voltage
injection, dead time compensation, interior permanent
magnet motor, pulse width modulation

L [. INTRODUCTION

NTERIOR permanent magnet synchronous motors
I(IPMSMS) have attracted increased research interest and

are widely used because of their high efficiency, which is
realized using permanent magnets with a strong magnetic field.
To ensure high-efficiency adjustable speed operation, the
inverter output current must be appropriately controlled based
on the rotor position of the IPMSMs.

Position encoderless vector control has been studied in recent
decades [1][2]. The back emf of IPMSMs is used to estimate
the rotor position. However, the amplitude of the back emf is
sufficiently small to distinguish it from the noise that occurs in
the sensors when the rotating speed is low. Therefore, at a
standstill or low speed, high-frequency signal voltages are
injected to estimate the position by detecting the magnetic
saliency of IPMSMs based on the corresponding currents
extracted [3]-[11].
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The currents generated by the injected high-frequency signal
voltage are affected by the magnetic saliency of the IPMSMs;
therefore, the currents extracted from the signal voltage enable
the detection of the rotor position. There are two typical
examples of signal voltages, namely the signal voltage
synchronized with the carrier of the pulse width modulation
(PWM) and the high-frequency signal current directly
controlled by the modulated sinusoidal voltage. Carrier-
synchronized signal voltage injection is advantageous in that no
signal filter is required to extract the high-frequency signal
current. The differentiated value of the precise current is
obtained by utilizing synchronized current sampling. Therefore,
precise synchronization between the carrier wave, signal
voltage, and current sampling timing is crucial for accurate
detection of the corresponding signal currents. A slight
discrepancy in the timing between them can prevent precise
signal current extraction [6]-[11].

This paper proposes an output voltage compensation method
suitable for the carrier-synchronized signal voltage injection
method. An important feature of the proposed method is that
the output voltage error is compensated for in each half of the
carrier period [11]-[13]. Compensating each half of the carrier
period ensures that the average voltage error and the phase error
of'the modulated square-wave voltage are compensated for. The
proposed compensation was carried out in a feedforward
manner. To implement the proposed method, we developed a
technique for measuring the output voltage errors in half of the
carrier periods using a general-purpose microcontroller by
sweeping the current command much slower than the time
constant of the motor.

The signal voltage injection method generates a large current
ripple whose period is that of the PWM carrier wave. However,
the output voltage error strongly depends on the current
amplitude and polarity, particularly close to zero ampere. The
worst case is that the polarity of the sampled current is opposite
that of the actual instantaneous current at the instance of
switching, which reduces the accuracy of the output voltage
compensation [10]-[20]. Therefore, this paper proposes a
method for predicting the instantaneous current at the instance
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of switching instant, and the predicted current values were used
for the proposed compensation method.

The proposed method for estimating the instantaneous
current is based on the mathematical model of IPMSMs.
Therefore, the mismatch between the mathematical model and
an actual machine causes a current prediction error, which was
not reported in the previous study [11]. Zero-current-clamping,
which occurs during deadtime and current of zero ampere, is
considered a serious factor that contributes to the current
distortion, and it is difficult to compensate for this factor owing
to current decay after switching [21]. In this study, a repetitive
controller was introduced in the current control loop as a

feedback-type output voltage error compensation method to
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Fig. 1. Schematic of an experimental IPMSM drive system.
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avoid serious failure of the proposed output voltage error
compensation [22]-[25]. The proposed methods were
experimentally validated. The results demonstrate that the
proposed method decreased the low-order current harmonic
distortion even under a large current ripple.
IL. CARRIER-SYNCHRONIZED SIGNAL VOLTAGE
INJECTION METHOD

A. Basic mathematical model for high-frequency voltage
injection of IPMSMs

The high-frequency signal voltage injection method enables
instantaneous torque control without a rotor position encoder.
The signal voltage is injected using a PWM inverter directly
connected to the IPMSM, as shown in Fig. 1. The rotor position
is estimated based on the mathematical model of the IPMSMs.
The definitions of the coordinate systems of IPMSMs are
shown in Fig. 2. The overall control block diagram of the
carrier-synchronized voltage method is shown in Fig. 3. The
automatic speed and current regulators consist of digital
proportional integral controllers. In Fig.3, all the proportional
integral controllers in the discrete time domain are defined in
the following equation, and their block diagram with anti-
windup is depicted in Fig. 4.

V()= ¥ () ek, (1) B () oA T B () (D)

where e is the input, y is the output, &, is the proportional gain,
ki is the integral gain, T is the discrete interval, and z is the
forward shift operator.

The equation of IPMSMs is given in instantaneous space
vector representation as follows:

limiter
b-> Vk
I
e 2
1-step I gain 1-step
delay delay
Fig. 2. Definitions of the coordinate systems for IPMSMs. Fig. 4. Block diagram of a PI controller with an output limiter.
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Fig. 3. Overall control block diagram of the carrier-synchronized voltage injection method.
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v =R iy +(p+ jo) (L, +w+jLi), @

where R is the stator resistance, o is the synchronous angular
frequency in electrical angle, Lq and Lq are the stator self-
inductances, ¥is the flux linkage of the permanent magnet, v4q
is the stator voltage, and iy is the stator current space vector,
which can be divided into iq +j iq. This equation is transformed
into the Y8 coordinate system by multiplying (1) by exp (-j &),
as follows:

=R iy +(p+jo)
[{(L0 ~L,0s26,)i, +(L,sin26,)i;}

+j{(L1 sin26), )i, +(L, + L, cosZ@e)iS}]

)

+ je % oy
where Lo is (Lq + Lq)/2, and L; is (Lq — La)/2. This equation is
expanded to transpose the time derivative term to the left-hand

side.
. Li+L
Phe=nz |

+[;L LL: e’ { (R +]a)(L +L )) }

+ja{iyé —Lze"g“ J
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where the upper bar indicates the conjugate complex number.
If only the high-frequency signal voltage is considered in (4),
the terms that have vys on the right-hand side of the equation are
dominant because the amplitude of the signal voltage is large;
then, the following equation is obtained.
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Fig. 5. Schemati of how the signal voltage is superimposed on the original
modulation index and affects the high-frequency current.
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The injection voltage command vy, shifts the phase of the
modulated square wave voltage, as illustrated in Fig. 5. The
difference in the current from the up to the previous down
timings of the carrier wave Aijys is derived as follows:
Ly+L, L —-L .
Ail 5= d —/2(9 VSi E.
! 2L, L, 2L L, )
Similarly, the difference in the current from the down to the

previous up timings of the carrier wave Aiys is derived as
follows:

piya Q)

(6)

L,+L L -L, _. . T
Aizys —_ d q + q d 6*1293 Vsig Is e (7)
2L 2L 2

The two current space vectors are subtracted to obtain

Al Atw6 Alzya 2{L +L +(L L) qzec}. (8)

The differential current space vector is decomposed into the
scalar values as follows:

*

Ai,{—]‘j—L 2 (L L+ (L, 1, )eos26, |

vy P
Aiy =— L
LL 2

)

A (L -L )sin26’e° (10)
The error in the estimated rotor angle 6. converges to zero when
Ais is controlled to zero, as given in (10). Fig. 6 shows the
experimental results for the high-frequency current against the
signal voltage. A six-pole IPMSM was used as the test motor,
and hence, there are six specific rotor angles where the
estimated angle converges because the phase angle of the high-
frequency current is zero. Magnetic polarity judgement was
executed at startups to ensure that it converges to the N
magnetic pole’s position.

B. Independent control method for average currents and
PWM ripple currents in the PWM carrier period

The sampled currents are composed of the fundamental wave
component as well as the ripple current component inherently
generated by PWM. In particular, when the signal voltage
injection method is used, accurate sampling of the fundamental
wave current is difficult because of the additional ripple
currents by the signal voltage, as illustrated in Fig. 5. In this
study, the average currents iup_avrg and ripple currents Aiap in the
of} stationary coordinate system were calculated at every up
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Fig. 6. Experimental results of the phase angle of the high-frequency current space vector against the actual rotor angle.
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timing of the PWM carrier wave, as given in the following
equations:

i _ (laﬁiup +2 laﬁidown + lcxﬁiup»l ) , (1 1)
aff_avrg 4

Ai o = (ia[ifup - ia[ifdovm ) _(iaﬁidown - iu[}fup-] ) . (12)
The phase angles of the average currents iup avre and ripple

currents Aiop equivalently coincide with the down edge timings
of the PWM carrier wave.

C. Estimation of rotor speed and position using &-axis
differential current

Position estimation must be performed regardless of the level
of noise in the 8-axis differential current. Therefore, the rotor
speed and position were estimated such that the effect of noise
is minimized. A high-order phase-locked loop to estimated
them was constructed for noise rejection to estimate these
parameters [26].

The open-loop transfer function from Ais to & is as follows:

o
Y 1 ;1+l(;2+l_31) , (13)
Aiy s s Js

If Ais has a monotonically increasing relationship with the
estimated angle error €., the block diagram in which the angle
error converges to zero is depicted in Fig. 7, and the closed-loop
transfer function is obtained as follows:

lls2+12s+l—3

- 7 das’+3a’s+a’.

(s-HJz)3

(14)

|

l
" s3+lls2+lzs+j3

The poles were set to be a triple root whose value « is 500/3
rad/s (28 Hz) in this study. Subsequently, all zeros are allocated
to the negative real region.

I11. ROTOR POSITION ESTIMATION ERROR

Accurate estimation of the rotor’s maximum magnetomotive
force position yields the maximum output torque per stator
current. However, this estimation inevitably leads to an error.
Signal voltage injection methods produce an estimation error,
depending on the operating conditions. Some sources of the
estimation error, which have been addressed in existing studies,
are listed below.

e  Magnetic saturation and d-q magnetic path coupling

o Non-sinusoidal magnetic flux distribution

e Estimation delay in high-speed rotating operation

e Insufficiently accurate sensor resolution to detect the
signal currents

e Inverter’s output voltage errors

The effects of the nonideal magnetic characteristics and
structure of the machine have been reported in the literatures.
Although inverter output voltage error compensation is
necessary to reduce the estimation error and output torque
fluctuation, few papers have reported on the compensation
method suitable for the signal voltage injection method.

1V. OUTPUT VOLTAGE ERROR COMPENSATION FOR THE
SIGNAL VOLTAGE INJECTION METHOD

In the signal voltage injection method, the increase in the
current ripple is large. As a result, the current polarity detection
is difficult, and may not compensate the output voltage error.
Therefore, this paper proposed that the inverter output voltage
error should be compensated for in each half period of the PWM
carrier wave. To implement the proposed method, we
developed an instantaneous current prediction method at the
switching timings.

First, the inverter output voltage error measurement while
keeping the three-phase wires connected to the motor is
explained.

A. Measurement of the output voltage error

The output voltage error was measured, without any special
equipment, by sweeping the current command i* much slower
than the time constant of the motor, as given in the following
equations.

’ . 15)
i=r-=
2
i =-1-L
2

where " is the current command at the measured phase and [*
is the relatively large current amplitude value (3.5 A) to avoid
changing the current polarity at the remaining two phases. The
current command is swept according to the following equation.

o [ 2 (16)

Fig. 7. Block diagram for estimating the rotor angle and position using the
current difference in the 8-axis.
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Fig. 8. Sweeping current commands for measuring the output voltage error.
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where Toweep Was set to 7500 s (approximately 2 h) to eliminate
the voltage drop at the inductances of the motor. The current
command waveforms are shown in Fig. 8.

If a three-phase inverter is connected to a motor, the
common-mode voltage has one degree of freedom. Therefore,
an accurate phase voltage error cannot be detected. To
accurately measure the phase voltage error, the virtual neutral
point potential of the dc side voltage of an inverter is made
equal to the load neutral point potential by feeding the same
voltage amplitude with opposite polarity at the rest of the two
phases, as illustrated in Fig. 9.

The phase error of the modulated voltage and current
deviation between the up and down timings of the carrier wave
is illustrated in Fig. 10. A control block diagram of the output
voltage error measurement in the carrier half period is shown in
Fig. 11. The proportional gain k, and integral gain k; for the
average current control were set to 0.1 and 1000, respectively.
The output voltage command for the u-phase average current
control is expressed by the following equation.

T ! * +2l lown
Vo we =| by w2
e 21-z 4

. T 1+z" .
vuiriPP]C = (km +k; 2s lt §7| j{(iuiup - iuidown ) - (iuidown - iuiupfl )} (1 8)

Only the phase correction was implemented at the phase
where the output voltage error was measured. Then, each up
and down of the output voltage command is expressed as
follows:

by up- 1] .(17)

* * * Lk
vufup - vuiavrg + vufripple + Rs Lo (19)
* * * Lk
vufdown = Vu | avrg vuiripple + Rs lu : (20)

A PI controller was used to correct the phase angle of the square
wave output voltage, whose gain k; was set to 0.001. The
proportional gain was set to a small value to avoid sensor noise,
whereas the integral gain was set to a large value to eliminate
steady error. The integral gain ki was obtained by the
mathematical equation of ripple current control as follow5'

-1
(Aiu—Aiu*)z*‘kn”qu— JARERVE S LRV}
-z 2 T 2
The equation is expanded as follows:
Al (z+1)k, T, . (22)

—4 =

Al (z41)k, T, +2§(z—1)2 +R (2 -1)

The magnitude of the closed poles must be within a unit
circle so that the control system is stable. The poles are obtained
as follows:

G

z=
2(2+jo
r

In our experimental setup, the values of k; are 52 and 154698

when the magnitude of the poles is 1. In this study, we selected

an integral gain of 10000 considering this stability margin.
Fig. 12 shows the measured average output voltage errors
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Vu avre. With respect to the phase current amplitude. The carrier
frequencies are also shown in the figure. The measured errors
were excluded by ohmic and forward voltage drops after
processing the measured results [13]. The figure clearly shows
the abrupt voltage error change in the vicinity of zero ampere.
In contrast, the average error voltage is proportional to the
PWM carrier frequency when the phase current is large. Fig. 13
shows the phase correction voltage vy ripple” With respect to the
phase current. When the carrier frequency increases, the voltage
is clearly visible compared with that at a lower frequency. Fig.
14 shows the feedforward compensation voltages Veomp up and
Veomp_down Calculated from (19) and (20) at a carrier frequency of
1.25 kHz. Because of the low carrier frequency, the difference
between Veomp up aNd Veomp_down 1S small.

B. Instantaneous current prediction for IPMSM

The ripple current is particularly large for carrier-
synchronized signal voltage injection, which makes output
voltage error compensation difficult. In this study, a method for
estimating the instantaneous ripple current was established to
improve the accuracy of the proposed compensation.

Fig. 15 illustrates how the output voltage space vector
changes during the period of the PWM carrier wave [28]. In this
signal voltage injection method, the modulation indices are
updated at the double edges of the carrier wave. Variables a, b,
and ¢ indicate the time ratio in terms of the carrier interval,
which has the following relationship.

a,+ adown b +b Cup F Cloun

down

2 2 2
Fig. 16 shows the fundamental wave output voltage vectors.
If the time of the first up timing in the figure is assumed, the
time lapses illustrated in Fig. 15 can be calculated as follows:

_CUPT;’ t2: cup+aup T.?t3= Cup ﬁ_i_bup Ts’
4 4 2 )7 4 2 2
t4 — l+ cdown TS’ t5 — l+ Cdown + bdown Ts s
2 4 2 4 2

t6: l+cdown+bdown+adown T;
2 4 2 2

In Fig. 15, V, is the fundamental output voltage space vector
whose positive phase voltage is larger than that of V3, which is
explained later. Fig. 16 shows the possible voltage vector of a
two-level three-phase inverter. Because of the three-phase and
two-level inverters, the number of possible voltage vectors V,
is three, which are written in underlined bold font. The
fundamental output voltage space vector V4 indicates that the
negative phase voltage is smaller than that of V,. The average
Voltages in a single carrier interval are expressed as follows:

~1. (24)

aupl/aup b I/Iaup’ (25)
vdown adown adown bdown bdown > (26)

where the upper bar indicates the average value for one PWM
carrier period. The average output voltage during the carrier
period is expressed as

v_ _ vup + Y down
= . 27)
— aupI/:lup + aduwnl/adown _ b Vbup + bdoanbdown
2 2
Here, the following variables are introduced to simplify (27):
V = aavrgl/aavrg bavrg I/l::avrg (28)

A v1rtua1 ripple flux space vector is defined as follows:

My ()= [ (v -

0

t
v )dt=[Av,dt. (29)
0
The ripple voltage space vectors Avgg are listed in Table 1.
The flux space vector is transformed into the dq coordinate
system as follows:

UP DOWN UP
Mypmax
"*downma:
mupmid
M downmic
m .
mupmin ‘donwmii
Cup Aup bup Cup  Cdown  bgown 4down  CSdown
4 2 2 4 4 2 2 4
E=DT 1 2} Lk+ts) Tty Is te kT,
VO Vaup Vbup VO Vbdown Vadown V()
Smax 0 1 1 1 1 1 1 0
Smid 0 0 1 1 1 1 0 0

Smin - 0 0 0 0 0 0
Fig. 15. Output voltage vector for double -edge updates of the modulation

index for the carrier-synchronized signal voltage injection.

Fig. 16. Sectors of the inverter output voltage vectors on the af stationary
reference system.

TABLE I RIPPLE VOLTAGE SPACE VECTORS AVoup

Time sector Duration ratio Ripple voltage
0=t=4¢ el 4 - Qavig Vaavig + Daveg Viavig
Hh=t=t ayp/ 2 Vaup = @avig Vaavig T Daveg Voaveg
Hh=t=t byy/ 2 - Viup = Gavrg Vaavrg T Davg Voaveg
L=t=T/2 Cup/ 4 = Gayig Vaavig + Baveg Voavee
T,/2=t=1 Caown! 4 - Qaveg Vaavig T Daveg Voavre
W=t=t baown/ 2 ~Vodown = aveg Vaavig T Daveg Viavre
ts=t=1t Adown/ 2 Vadown = Qavig Vaavrg + aveg Voavre
L<t<T, Cdown/ 4 = Gavig Vaavrg * Bavig Voavee
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ﬂ,dq = Ld Iy +qu iq. (30)
The time derivative is calculated as follows:
pAy, =Ly piy+j L pi,=¢" (p—jw)A,,. (3D

Assuming that pAep is much larger than @ Aaqp, the equation

can be simplified as
Lypiy+j L pi,=¢" pA. (32)
The high-frequency ripple currents are derived as follows:

Ai, = %Re[exp’j”' Aluﬁ] = LL(A/% c0s 6, + Al sin 6‘{)’ (33)
d d

Al = Li Im[ exp ™ A,y | = Li(—Mu sin, +A4, cos ) 34
q q

The ripple currents in the dq coordinate system are
transformed into the a3 coordinate system as follows:
Aiy =e'* Ay,

=L[Aﬂu 1+cos26. +A2, sm29,j
L, 2 2

1 v 1—cos26. A, sin 26,
L 2 2

q
) L(A% sin 26, LA, 1—cos2:9r)
I, 2 2

+i AL, sin 26, +AZ, 14cos26,
L 2 2

(33)

q

The three-phase ripple currents are expressed as follows:

e ; 2N 36
Azu=\/;Re|:Atuﬁ]= A0 (36)
2.
Aiv=\FRe[e’3 Aiuﬁ} 2[—1Aia+\/§AiﬁJ’ (7
3 3 2 2
(38)

2.
Ai, = /zRe ¢ Ay |= 2 —lAz‘a—ﬁAiB :
3 3l 2 2

In the above equations, the amplitude of the ripple current
becomes zero at the up edge timing of the carrier wave. On the
contrary, the ripple current at the down edge timing of the
carrier wave is derived based on (29). The ripple flux is
expressed as follows:

7; au Vau - aavr Vaavr
Aﬂaﬁ [_j _ p "~ aup g g _
2 2

The corresponding ripple currents are derived and expressed
as Ay down, Alv_down, and Aiy down. The average ripple currents
are then derived by subtracting half of A7 jown from the
estimated ripple currents. Consequently, the instantaneous
currents icomp fOr output voltage compensation are expressed as
follows:

buPVbup _zbavrg I/l:'avrg ] TS . (39)

iu_comp = iu_avrg + Alu - 05 Aiu_down > (40)
lvﬁcomp = lvﬁavrg + Alv - 05 Alvﬁdown 2 (41)
iwicomp = iwiavrg + Alw - 05 Aiwidown : (42)

The compensation voltages in both the first half of the carrier
period (up to down tips of the carrier wave) and the second half
were calculated at the up edge timing of the carrier wave.

C. Output voltage error compensation in the half of the
carrier period

The compensation voltages were updated at both the up and
down edges of the carrier wave, and the compensation voltages
at both edge timings were calculated at the up edges of the
carrier wave. The measured error voltages shown in Figs. 12
and 13 were approximated using polynomial equations as a
function of the sampled current during commissioning. The
compensation voltages were normalized by half of the DC
voltage. These voltages were then added to the original
modulation indices.

D. Feedback compensation for the current distortion

Because the output voltage error differs in each leg, feedback
compensation of the output voltage distortion is necessary to
limit variations in the output voltage error.

The ideal output voltage error Veaq of a leg as a result of a
dead time insertion is expressed as follows:

T
Vdead = d]i"‘d VdC sgn (lX ) ’

s

(43)
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The number of memories required

Size of the motor’s core Unit

Stator outer diameter 122.7mm
Stator inner diameter 72.5 mm
Rotor diameter 69.7 mm
Rotor shaft diameter 30 mm
N Thickness of a core stack 180 mm
Fig. 18. Cross-section of the test IPMSM iron core.
TABLE II PARAMETERS OF THE TEST IPMSM
Rated Nominal parameters
Rated 750 W Stator resistance R 1.132 Q
6 pole d-axis stator
Pole and slot /36 slot  self-inductance Ly 12.38 mH
g-axis stator
Voltage 153 v self-inductance Z, 15.72 mH
Permanent magnet
Frequency  87.5 Hz flux linkage ¥ 0.266 Wb
Current 34 A InertiaJ 6.0  10°kgm’
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The three-phase inverter generates the following space
vector error voltage on the a3 stationary coordinate system.

vy :\/§4Vdcad (eje+ z lefjnﬁ‘_ z lejnﬁj, (44)
7

n=6k-11 n=6k+1 1
where @ represents the current phase angle rotating at the
fundamental angular frequency of @: and & is a positive integer.
The error voltage space vector is transformed into the y&
coordinate system

4V
AV gead = \/g ;:ad e’ (1 +

where yis 8— 6s. The error voltage changes periodically at a
multiple of six times the fundamental wave angular frequency
of .. Therefore, the repetitive current distortion compensator
proposed in [22]-[25], whose period was set to six times the
period of @, was added in parallel to the current controller, as
shown in Fig. 17. The repetitive gains kprp and kip Were
determined by trial and error.

$ L L

sk n—1 ik n+1

e/n(e,m)j, (45)

V. EXPERIMENTAL RESULTS

The proposed output voltage error compensation method
suitable for high-frequency signal voltage injection was
experimentally verified. The initial rotor position was estimated
beforehand by detecting the current peak when a pulse voltage
was applied [29][30].

A. Experimental setups

The IPMSM used in the test is a commercially available unit,
with a rated power of 0.7 kW. The cross-section of the motor is
shown in Fig. 18. The specifications and rated values of the
motor are summarized in Table II. The magnetic flux
distribution can be regarded as sinusoidal.

B. Controller settings

A general purpose three-phase voltage inverter was used.
The inverter was equipped with an intelligent power module
PS21767 (Mitsubishi Electric Corp.).

The digital control system (PE-Expert III) was assembled by
Myway Plus Corp. The controller was equipped with a
TMS320C6713-225 (Texas Instruments) digital processor.
Because the ripple current prediction and repetitive control
algorithm require a rather rigorous calculation, we used a PWM
carrier frequency of 1.25 kHz. If the carrier frequency is 2.5
kHz, it will be impossible to complete the process in half the
carrier period.

The controller parameters are summarized in Table III. The
listed controller parameters correspond to the parameters in the
block diagrams shown in Figs. 3 and 17. Because the pole of
the rotor position estimation was set to 500/3 rad/s as given in
(14), the pole of the speed control loop was set to 100 rad/s.

In this method, an accurate and wide frequency band current
sensor can be effective for detecting the signal current. In
addition, the offset of the current sensor must be eliminated as
much as possible before normal operation.

C. Steady-state characteristics

The steady state characteristics were evaluated
experimentally. In the experiment, the rotating speed command
was set to 50 min! (2.5 Hz of the electric output voltage

TABLE III PARAMETERS OF THE CONTROLLER

PWM Carrier 1250 Hz ky 0.4
frequency
Interrupt and double edges
e - kio 2
sampling timings  of the carrier
ko 3.87 Wse 100 rad/s
kiy 70.75 Feprep 0.5
ks 4.91 Kirep 100
kis 70.75 Vie 300 v
© 2 - % - -
X!
£ —
LS L e e
EE2
23 - - -
4 “ Load torque: 0 N*m
o 8
0 ] 7 7
g9
E % 4 i - i l
% g . —d—]
= é * Load torque: 2 N*m
T T T T
st [ 4 I I
£ 25
i
= Load torque: 4 N*m
(a) wlo (b) average (c) half period (d) half period and

compensation

compensation  compensation

repetitive compensation

Fig. 19. Estimated steady state angle error with respect to the output voltage
compensation method at a signal voltage of 50 V and rotating speed of 50
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Fig. 20. Steady state estimated angle error characteristics with respect to the
rotating speed and load torque; (a) without compensation, and (b) with the
proposed half period compensation with the repetitive compensator.
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Fig. 21. Waveforms of the phase currents obtained from experiment at an
injection voltage of 50 V; the load torque is 4 N-m and the rotating speed is
50 min'. (a) Without compensation, (b) with average voltage error
compensation, (c) with carrier half period voltage error compensation, (d)
with half period compensation and repetitive compensation.



> REPLACE THIS LINE WITH YOUR MANUSCRIPT ID NUMBER (DOUBLE-CLICK HERE TO EDIT) <

frequency). The amplitude of the injected signal voltage was set
to 50 V. For the test motor, the amplitude of the signal voltage
is slightly larger than the minimum required value. The large
amplitude of the signal voltage was set to demonstrate the
effectiveness of the proposed output voltage error
compensation method.

Fig. 19 shows the estimated average steady state angle error
in one electric fundamental wave period for the different output
voltage compensation methods when the magnitude of the load
torque was changed. The error bar indicates one standard
deviation from the average value. The compensation methods
are as follows: (a) without compensation, (b) conventional
average output voltage error compensation in the PWM carrier
period, (c) proposed output voltage error compensation at every
half period of the PWM carrier wave, and (d) proposed half
period compensation method with repetitive current
compensation. The estimated rotor angle error is less compared
with those of other methods. In addition, the estimated angle
errors of the other three compensation methods are almost the
same. The error in the average compensation method (b) is
small. However, desynchronization occurred during heavy load
operation in method (b). Moreover, method (b) shows that an
increase in the load torque does not affect the estimation angle
error, which is different from the other cases. The average
method (b) produced a sudden current change, as shown in Fig.
22. This represents a sudden change in the stator flux. This
sudden change produces a torque change, which can lead to
desynchronization under heavy loads.

Fig.20 shows the characteristics of the estimation angle error
with the rotating speed and load torque. Fig.20(a) shows the
case without compensation, and Fig.20(b) shows the case with
the proposed half period compensation and repetitive current
compensation. The two cases are almost identical. The error
increased with an increase in the speed. In addition, the error
increased with an increase in load torque. Note that magnetic
saturation was not considered in the control method. When a
large load torque is applied, magnetic flux density saturation
may occur. This can cause the estimation angle error and angle
error to be almost identical.

Fig.21 shows the stator current waveforms at steady state.
Each compensation method described above was implemented,
and the current waveforms were obtained. Current waveform
distortion occurred in all cases at approximately zero ampere.
Fig.22 shows the sampled stator current waveforms when the
waveforms shown in Fig.21 were obtained. Fig.22(b) shows a
discontinuous change in the sampled current at approximately
zero ampere. The average compensation failed owing to failure
to identify the actual current polarity. Fig.23 shows the
estimated instantaneous current value at the instance of
switching at a load torque of 4 N-m. The figure validates the
ripple current model in (33) and (34) based on the experimental
results. The estimation accuracy is reasonable at a large ripple
current amplitude. When the ripple current is small, the signal
voltage component is small in the corresponding phase, which
can lead to an estimation error. The estimation error is mainly
caused by current decay after switching. This phenomenon is

particularly severe at a small average current. Fig. 24 shows the
waveforms of the modulation indices obtained from experiment
at an injection voltage of 50 V, load torque of 4 N-m, and
rotating speed of 50 min™!. Fig. 24(c) and (d) show that a smooth
sinusoidal average modulation index 7y avg Was obtained. This
validates the use of the proposed half period compensation for
reducing distortions in the command voltages. Fourier series
expansion of the current waveforms of the four cases was
performed, as shown in Fig. 25. The values were normalized
using the fundamental wave current amplitude. The total
harmonic distortions (THD) which take the harmonics up to the
50th order of the fundamental wave is summarized in Table IV.
The THD of the proposed half period compensation with
repetitive control is small with a value of 4.64 %. However,
without the output voltage error compensation, the THD is
5.01 %. For the method without repetitive control, namely
method (c), the THD is slightly lower at 4.54 %. This result

Sampled phase
current [A]

Sampled phase
|, current [A]

L dhbovradbbibonradbbonrabbbonra

e
)

Sampled phase
cyrrent [A]

Sampled phase
. current [A]

-025  -02 -0.15 0.1

-005 0 0.05 0.1 0.15 0.2 0.25 0.3
Time [s]
(d) repetitive compensation

Fig. 22. Waveforms of the sampled phase currents obtained from experiment at an
injection voltage of 50 V; the load torque is 4 N-m and the rotating speed is 50 min™'.
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Fig. 23. Instantaneous current estimation at the instance of switching at a load
torque of 4 N-m.
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(d) repetitive compensation
Fig. 24. Waveforms of the modulation indices obtained from experiment at an
injection voltage of 50 V; the load torque is 4 N-m, and the rotating speed is 50
[
min™.
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indicates that the proposed output voltage compensation
reduces the current distortion even when there is a large current
ripple in the sampled current.

In addition, the same frequency analysis was performed on
the line-to-line output voltage waveforms shown in Fig. 26. The
figure shows that the THD of the method without compensation
was the smallest. The THD of the conventional average
compensation was the largest. These results demonstrate that
when output voltage compensation is performed under a large
current ripple, the performance of the proposed output voltage
compensation is superior to that of the conventional average
compensation.

The high-frequency signal voltage injection method relies on
the differential inductance, and the estimated angle converges
to the angle with the least differential inductance. Therefore,
when the differential inductance changes, particularly when the
load is large, local magnetic field density saturation may occur,
as illustrated in Fig. 27. This generates the estimation angle
error [31][32] leading by the d-axis, which is true for the
experimental results shown in Figs. 19 and 20.

The quality of speed control obtained using the proposed
compensation method is shown in Fig. 28. The speed command
was 50 min’!. Fig. 28(a) shows the waveforms when no
mechanical load was applied. Speed ripple occurred, but the
ripple amplitude was small and the average speed coincided
with its command. Therefore, the quality of speed control is
reasonable. Fig. 28(b) and (c) show the waveforms at load
torque values of 2 N-m and 4 N-m, respectively. In both cases,
the average speed agreed well with the speed command despite
the typical speed ripple.

D. Transient characteristics

The transient characteristics were examined to validate the
proposed output voltage compensation method (d) when the
signal voltage injection method was used. Fig. 29 shows the
speed and rotor angle waveforms for a stepwise change in the
speed command. In this experiment, the signal voltage is 50 V,
the load torque is 4 N-m, and the positive torque direction is
opposite the positive rotating speed. The speed command
changed from -50 min™! to 50 min’!, as shown in Fig. 29(a) and
from 50 min™! to -50 min*!, as shown in Fig. 29(b). These figures
indicate that the actual speed followed the speed command
within 60 PWM carrier periods (50 ms). The estimated rotor
angle 65 followed the encoder angle & successively in both
cases.

VI CONCLUSION

This paper proposed an output voltage compensation method
at each half period of a PWM carrier wave suitable for the
carrier-synchronized signal voltage injection method. The
proposed method measures the output voltage error in half the
PWM carrier period. In addition, a method for estimating ripple
currents was established for the signal voltage injection method.
A repetitive current controller was combined with the proposed
method to increase the robustness of the motor parameter
variation. The experimental results show that the proposed

method reduces the low-order current distortion and modulation
indices even when the output current has a large current ripple.
An assessment of the effect of magnetic saturation on the
proposed method will form part of our future work.

(b) average compensation

(a) w/o compensation
(c) half period compensation
| (d) half period and repetitive compensation
II|| Ill || I I|%-|| Al |“ Ji "I SETTPI PN R

9 10, 11 12 13 14 15 16 17 18 19 20
Harmonic order

Fig. 25. Frequency analysis of the output current at an injection voltage of 50
V, rotating speed of 50 min™', and load torque of 4 N-m .
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1 9 10 11 12 13 14 15 16 17 18 19 20
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Fig. 26. Frequency ana1y51s of the output line-to-line voltage at an injection
voltage of 50 V, rotating speed of 50 min', and load torque of 4 N-m.
TABLE IV THD OF THE OUTPUT VOLTAGE AND CURRENT

Percentage against
fundamental component [%]

Output current [%] Output voltage [%]

(a) w/o compensation 5.01 8.61
(b) average compensation 6.59 10.63
(c) half period compensation 4.54 9.19
(d) half per.lod and repetitive 4.64 9.05
compensation

Estimated

angle ~ Slot pitch: 60 deg.

error & cig
¢ d-asis iy electric angle

eaxisl

Fig. 27. Scheamatic for examining why the estimated angle error increases
with the increase in the load torque magnitude .
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(a) Waveform of the rotational speeds at no load
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(b) Waveform of the rotational speeds at a load torque of 2 N-m
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(c) Waveform of the rotational speeds at a load torque of 4 N-m
Fig. 28. Experimental results of the speed waveforms.
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Fig. 29. Transient characteristics of the rotating speed and rotor angle for a
stepwise change in the speed command.
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