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Abstract- In this paper, | propose the Minimum Total Har-
monic Distortion Pulse Amplitude Modulation control method.
This control method is beforehand calculating the switching
pattern to minimize THD by adding a redundant pulse. This
is attributed to increase of the motor iron loss depending on
harmonic voltage.

Keywords- Pulse Amplitude Modulation, Total Harmonic
Distortion, Permanent Magnet Synchronous Motor

Fig. 1. Three-phasavw-axis Fig. 2. Two-phaselg-axis
stationary coordinate system rotating coordinate system

I. INTRODUCTION

The global environmental issue pushes to shift the use of
internal combustion engine vehicles to the hybrid and pure
electric vehicles. One of the key technologies in this area
is the energy saving as a total system. It is desirable if the
Permanent Magnet Synchronous Motor (PMSM) is driven  rig 3. g.axis equivalent circuit Fig. 4. g-axis equivalent circuit
by a pure sinusoidal voltage, but it is not realistic for EV
application. Therefore, motor control is generally used Pulse
Width Modulation (PWM) control method, which transform
from AC voltage to equivalent DC voltage using inverterA. PMSM dg-axis equivalent circuit[5]

switching. However, the PWM voltage inevitably contains Three-phasevw-axis PMSM in Fig. 1 can be transformed
harmonics. Additionally, the PM motor iron loss depends ONnto two-phasedg-axis model as shown in Fig. 2 after

these harmonics. three-phase to two-phase transformation and also stationary

In this paper, | propose the Minimum Total Harmonic reference frame to rotating reference frame transformation.
Distortion Pulse Amplitude Modulation (MTHDPAM) control 11 equivalent dq equations become as follows.

method. This control method is beforehand calculating the

switching pattern to minimize Total Harmonic Distortion {Vd}{Ra trla —wlq de}{ 0 ] 1)
(THD) by adding a redundant pulse. This strategy is based 1 whae  Ra+ple ]l 1o [w¥a

on voltage waveform analysis for reduce harmonics comparedherep is differential operatorw is angular velocity ¥, is
with the Pulse Amplitude Modulation (PAM) control method. Flux linkage and motor movement equation is defined as:
Several kinds of Pulse Width Modulation (PWM) pattern dw

generation methods are compared in this paper. For example, JE =Te—Tp - Bw ©)
a single PAM control method, MTHDPAM control method, where J is Inertia, T, is motor torque.T, is load torque,B
Quasi-PAM control method are investigated. And using thes% viscous friction coefficientP, is logarithmic pole and’,
PWM pattern, the dg equations of PM motor are solved b¥s expressed by the following equation.

numerical approach and the motor efficiency is compared each

other. T. =P {V,I,+ (Lqg — Ly)Ial,} (©)]

Il. EQUIVALENT IRON LOSS OFPM MOTOR



In general for PM motor analysis, the model shown in Fig. 2 isA. Fourier series expansion

used. However, this model is not considering motor iron loss.

Any periodic waveformyf (wt) can expand in Fourier series

Therefore, when the efficiency is investigated, the equivalenis ¢5ows

circuits including equivalent iron loss resistance Rc in Fig. 3

and 4 are often used. fwt) = Ag + Z(An cos nwt + By, sin nwt) (14)
n=1
B. Basic voltage equation where 4y, A,, and B,, are defined as:
Fig. 3 and Fig. 4 indicatég-axis equivalent circuit con- 1 e
sidering the motor iron loss. Equivalent circuit considering Ao =5 ; flwt) dwt
the motor iron loss can obtain basic voltage equation, which 27
is expressed as follows. An = o flwt) cosnwt dwt (19)
1 27
Voa | | PLa —wLqy || Loa n 0 ) B, = — f(wt) sin nwt dwt
Voq - wlq qu qu wVY, ™ Jo

0 B. Total Harmonic Distortion
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where current equation is expressed as follows.

THD represents the ratio of the rms sum of harmonics
with the rms of fundamental of the waveform.
Therefore, THD is defined as:

Tog=14—1Iq (6) o
2 2
—wLyloy + pLalog > (4] + B))
Iq= (7) n=2

R. THD = x 100%

(16)

A} + B}
High THD causes an increase of copper loss and iron loss.
In addition, the overheating, equipment vibration, noise and
other adverse effects are generated.

Tog =1, — 1y (8)

w(\I/a + LdIod) —+ ququ

I, = s

©)

C. Efficiency calculation
IV. PWM AND PAM CONTROL METHODS

A. PWM control method[1]

The iron lossW; [W], copper lossW,. [W], mechanical
output P,,, [W] and efficiencyn [%] are defined as:

The PWM control method controls the pulse width by

Va4V , o ) ) :
W, = — R (10)  comparing the carrier signal that is proportion to the time such
20 ) as triangular or sawtooth wave with the modulated signal. It is
W, = R (I;+1I2) (11) . L
a well known that the iron loss of motor and the switching loss
P, = uWwT. (12)  of inverter increase due to the carrier harmonics of the PWM
P, inverter. Moreover, the typical and widely used the PWM
n = — %100 (13) . : .
P+ W; + W, control method power train for EV is battery-inverter-motor

where iron loss is represented by power consumption O(fomblna'uon as shown in Fig. 5.

equivalent iron loss resistance, and copper loss is representgd pam control method[2][3]

by power consumption of armature winding resistance. _ )
While the PWM control method controls the pulse width

of the applied DC voltage of the inverter, depending on
the size of the average output voltage, PAM control method

In general, inverter output voltage waveform is non-controls the pulse amplitude of the applied DC voltage of the
sinusoidal. Therefore, it is contained harmonic componentsnverter, depending on the size of the average output voltage
Thus, we need to analyze waveform to measure the amouhy using a chopper. Therefore, the PAM control method
of harmonic components. In addition, harmonic componentpower train for EV is battery-DC-DC chopper-inverter-motor
obtained by Fourier series expansion. combination as shown in Fig. 6.

I1l. WAVEFORM ANALYSIS
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C. Quasi-PAM control method[4]

PAM waveform

D. Comparison of PWM and PAM control methods

The applied voltage of the PWM control method inverter
is fixed battery output voltage as shown in Fig. 7. In contrast,
the applied voltage of the PAM control method inverter is
changing according to the motor speed using a chopper as
shown in Fig. 8.

In addition, the inverter switching log’,,, [W] is defined
as:

Rew = W X (’T, + Tf) X fsw (17)
whereV;,,,, [V]is inverter DC link voltage /... [A] is average
current of flow the switching devicd. [S] is turn-on rising
time, T [S] is turn-off falling time andf,,, [s] is switching
frequency.

Moreover, motor iron loss is expressed by sum of hys-
teresis losg;, [W] and eddy current losg. [W], and these
losses are defined as:

kp-kB2, VB

ph = hsﬁm X fﬁ_l (18)
ke - k2,

Pe = G2 X V’r?) (19)

whereV,, [V] is harmonic voltageS [m?] is sectional area of
iron core and3 is Steinmetz constant depending on material.
From equation (18) and (19), it is estimated that the iron
loss is proportional to the applied voltage amplitude of the
motor. The absolute value of harmonic voltage of the PAM
control method can be less than that of the PWM control
method. Therefore, the iron loss can be decreased and the
motor efficiency can be improved. However, the PAM control
method is using two-way chopper. Therefore, the chopper
efficiency affects the total efficiency.

Moreover, motor copper 10SB.opper [W] is defined as:

Pcopper = RaII + RaIm (20)

where R, [§2] is Armature winding resistancel; [A] is
primary current, I,,, [A] is harmonic current. In case of
the PAM control method, 6th harmonic torque pulsation is

The Quasi-PAM control method changes the pulse amgenerated. This is due to 5th and 7th harmonics of output
plitude similarly PAM control method. However, it changesfrequency. In addition, torque pulsation causes an increase of
the pulse amplitude for efficiency improvement. Thereforeharmonic current. Thus, copper loss is increased as shown
it controls the pulse width by comparing the carrier signalin equation (20). By contrast, in case of the PWM control
with the modulated signal similarly the PWM control method. method, torque pulsation is rarely occurs. This is due to high
Accordingly, this control method does not need to considefrequency switching of inverter, and harmonics are migrated
the time delay at chopper unlike the PAM control methodto the higher frequency. Thus, harmonic current and copper
Namely, this control method is simple compared with theloss are reduced. From these results, by using the PAM control
PAM control method, however, the prospects for improvingmethod compared with the PWM control method, reduction
the efficiency compared with PAM control method is small. of the motor iron loss and the inverter switching loss can



TABLE |
THD oF MTHDPAM CONTROL

0.0,
. n Number ofpulses 1 | 3 | 5 | 7 | 9 | 11 | 13 | 15 | 17
Number ofé 0 1 2 3 4 5 6 7 8
“H 01(°) - 12| 1515|1616 | 17| 16| 1.7
07 02( °) - | - |27]31]30]33[32]34]32
537 05( °) - | -] - 4348|4750 48]51
E 04( °) - -] -1 -159]65|63]67]564
05( °) - -] -1 -1-176|82]79]85
06( °) - -1 -] -1 -1]92]99]96
Fig. 9. MTHDPAM (9 pulses per half cycle) voltage waveform 07(°) - - - - - - - |108]117
0s( °) - - - - - - - - 125
! B PAM control THD (O) |30.5]28.6|26.5|24.4]22.3[20.3[ 18.3] 16.5| 14.7
Il MTHDPAM control (9 pulse)
o8 TABLE II
= SPECIFICATIONS OF MOTOR
% 06 Armature winding resistance R, () 0.21
%0 04 Equivalent iron loss resistance R,  (2) 2000
S Number of pole pairs P, 10
- Flux linkage U, (Wb) 0.75
02 d-axis self-inductance Lg (mH) 1.4
0 g-axis self-inductance Ly (mH) 2.5
1 3 5 7 9 1113151719 2123252729 31 3335373941 43 45 47 49 Inel’tia J (kg m2) 0.090
orders Viscous friction coefficient B (kg-m?2/s) | 0.001

Fig. 10. Harmonics comparison of PAM and MTHDPAM
(9 pulses per half cycle) voltage waveforms

From equation (21) the comparison of harmonics of voltage
. \gaveforms with MTHDPAM and PAM control methods is
be expected, however, the motor copper loss is increased.

Therefore, if the harmonics of the PAM control method canShOWn as Fig. 10. From Fig. 10, it is obvious that the

. l\éTHDPAM control method is effectiveness about reduction
be suppressed, the reduction of the motor copper loss an

. . . of harmonics than the PAM control method. In addition, table
iron loss can be expected. In next section, the Minimum
| indicates THD of the MTHDPAM control method, when

THD PAM control method is proposed. In case of this control hanaing th ber af half le. It is indicates that
method, the THD is reduced compared with the PAM controf"@"9!NY e NUMBeET af per-hall cycle. 1L 1S Indica e's a
the MTHDPAM control method can reduce harmonics than

method. It is achieved by waveform analysis of the motorth PAM rol method. d di ) ] ber of
voltage aimed at reduction of the THD. € control method, depending on Increasing nUMber o

0 per half cycle. However, increasing 6fnumber is caused

V. MTHDPAM CONTROL METHOD[6][7] to increase inverter switching loss. Therefore, it is necessary
The MTHDPAM control method controls pulse amplitude that considering the inverter switching loss and motor iron

similarly the PAM control method, depending on the motorloss for decide the optimum number of pulses.
speed. Therefore it is beforehand calculating the switching
pattern to minimize THD by adding a redundant pulse.
Moreover, it is changing the number of pulses per half cycle Fig. 11 indicates PWM and Quasi-PAM control methods
by varying the number of), and it is changing the pulse simulation model. In this case PWM pulse is generated by
width and position by varying the value 6fas shown in Fig. battery voltagel},;; and inverter switching. Inverter switch-
9 (however, this figure is one example of it, and it is 9 pulsesng pattern is calculated by carrier signal and modulation

VI. SIMULATION OF EFFICIENCY MEASUREMENT[8][9]

per half cycle). signal Vires, Vores, Vwres. Modulation signal is converted
Furthermore, Fourier coefficient of output voltageis  from Vy,..; and V,,..r, using phase transformation and co-
become as follows. ordinate transformation. By contrast, Fig. 12 indicates PAM
4FE . /nmwy . /nm and MTHDPAM control methods simulation model. In this
n = —Sm(—) sm(—)(l—2cosn91 )
nm 2 3 case PAM pulse is generated by chopper output voliags,

+2cosnby — 2cosnbz +2cosnby) (21)  and inverter switchingV,,,, is controlled to command value
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Fig. 12. Block diagram of PAM/MTHDPAM control methods

amplitude Amp. Inverter switching pattern is decided by efficiency is improved in low-speed range. It is caused by
phase difference). Amp and ¢ are calculated from/;..;  reduction of iron loss as shown in Fig. 14(a) and (b). Thus,

andV,..; shown in equation (22) and equation (23). varying the applied voltage depending on the rotation speed
v \/W 22) can reduce iron loss. In addition, Reference [4] publishes
mp= aref dref the experimental data shown improvement in the Quasi-PAM

control method motor efficiency compared with the PWM
control method.

Moreover, table Il indicates motor specification. In this  Next, from Fig. 13(b) and (c), by using the PAM control
specification, Fig. 13 indicates motor efficiency simulationmethod compared with the Quasi-PAM control method, motor
result of each control method when changing the rotatiomfficiency is improved in high-speed range. It is caused by
speed and torque. In addition, Fig. 14 indicates motor iromeduction of iron loss as shown in Fig. 14(b) and (c). This is
loss simulation result and Fig. 15 indicates motor copper losgue to difference of applied voltage. In case of the Quasi-PAM
simulation result at same condition. Fig. 13(a) and 14(a) andontrol method, applied voltage is created margin. This is
15(a) indicate motor simulation result of the PWM controlneeded for avoidance of over-modulation range. By contrast,
method when the applied voltage is 300 V. Fig. 13(b) andn case of the PAM control method, applied voltage is not
14(b) and 15(b) indicate motor simulation result of the Quasicreated margin. Because of over-modulation range is avoided
PAM control method. This control method controls pulseby switching from the PWM control method to the PAM
amplitude similarly the PAM control method, depending oncontrol method. However, copper loss is increased as shown
the motor speed, however pulses are generated by the PWiKRFig. 15(b) and (c). This is attributed to increasing of torque
control method theory. In this case, when rotation speed is leggilsation and harmonic current.
than 40 rad/sec, applied voltage is 50 V, and when rotation Finally, from Fig. 13(c) and (d), by using the MTHDPAM
speed is more than 40 rad/sec, applied voltage is increasedntrol method compared with the PAM control method,
proportionally to rotation speed. Fig. 13(c) and 14(c) andmotor efficiency is improved in high-speed range. It is caused
15(c) indicate motor simulation result of the PAM control by reduction of copper loss as shown in Fig. 15(c) and
method. It is switching from PWM to PAM control methods (d). This is due to reduction of harmonics. By using the
when the applied voltage is 100 V. Fig. 13(d) and 14(d) andMTHDPAM control method compared with the PAM control
15(d) indicate motor simulation result of the MTHDPAM method, harmonics can be reduced as shown in Fig. 10.
control method. It is switching from PWM to MTHDPAM Meanwhile, even if the harmonics are reduced, iron loss is
control methods when the applied voltage is 100 V. almost no change as shown in Fig. 14(c) and (d). However,

From Fig. 13(a) and (b), by using the Quasi-PAM controlfrom equation (18) and (19), iron loss is expected decreased
method compared with the PWM control method, motorby reduction of harmonics. Thereforelg-axis equivalent

¢ = arctan (“;qref) (23)

dref
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circuit as shown in Fig. 3 and 4 may be cannot consider the
increasing iron loss by harmonics. For this reason, in case ofy]
dg-axis equivalent circuit can consider the increasing iron loss
by harmonics, the difference from the MTHDPAM control [2]
method and the PAM control method will be become more

remarkable. [3]

VIlI. CONCLUSION [4]

For reduction of the PM motor iron loss, the MTHDPAM  °]
(Minimum Total Harmonic Distortion Pulse Amplitude Mod-
ulation) control method is proposed as a new pulse patten{G]
generation for PM motor drive system. This control method [7]
is beforehand calculating the switching pattern to minimize
THD by adding a redundant pulse. This is attributed to in- [8]
crease of the motor iron loss depending on harmonic voltagejg]
The simulation results are shown and the effectiveness of the
proposed method is confirmed.
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