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IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS

MTPA Control of IPMSM Drives Based on
Virtual Signal Injection Considering Machine
Parameter Variations

Tianfu Sun, Member, IEEE, Mikail Ko¢ and Jiabin Wang, Senior Member, IEEE

Abstract—Due to parameter variations with stator
currents, the derivatives of machine parameters with
respect to current angle or d-axis current are not zero.
However, these derivative terms are ignored by most of
mathematical model based efficiency optimized control
schemes. Therefore, even though the accurate machine
parameters are known, these control schemes cannot
calculate the accurate efficiency optimized operation
points. In this paper, the influence of these derivative terms
on maximum torque per ampere (MTPA) control is analyzed
and a method to take into account these derivative terms
for MTPA operation is proposed based on the recently
reported virtual signal injection control (VSIC) method for
interior permanent magnet synchronous machine (IPMSM)
drives. The proposed control method is demonstrated by
both simulations and experiments under various operating
conditions on prototype IPMSM drive systems.

Index Terms— Interior permanent magnet synchronous
machine (IPMSM) drives, maximum torque per ampere
(MTPA), parameter variation, virtual signal injection control
(VSIC).

I. INTRODUCTION

temperature [5]. Therefore, to achieve the accurate MTPA
operation is one of the significant challenges associated with
the IPMSM control techniques and a large number of studies
have been reported in the literature to improve the efficiency of
the IPMSM drives. The statd#-the-art MTPA control schemes

for IPMSM drives reported in literature can be classified
broadly into three categories, i.e., loogtable based methods
[6]-[8], the mathematical model based techniques [4] and the
online search based techniques [9] which also include the signal
injection based techniques [1{13].

The lookup table based methods are a kind of widely
adopted MTPA control schemes which require relatively low
computational load. The data in loak-tables can be obtained
from a set of experiments [6] or from numerical analysis of
electromagnetic field of the machine under consideration [8]
However, either the experiments or numerical analysis are time
consuming and require considerable resources. More
importantly, the accuracy of such control schemes cannot be
guaranteed due to the manufacture tolerance, material property
variations and temperature influence.

The mathematical model based MTPA control schemes are
another kind of widely adopted MTPA control schemes which
utilize the inherent characteristic of the MTPA operation, i.e.,

HE interior permanent magnet synchronous machindge partial derivative of torque with respect to the current angle

(IPMSM) have the advantages of high efficienbygh

equals zero, to calculate the MTPA operation points online

power density and wide constant power operating range [1].fgsed on the mathematical model and machine parameters [3],
order to achieve the efficiency optimal control of IPMSM4]- The machine parameters can be obtained from lgok-
drives, the maximum torque per ampere control (MTPARDles [8], [14] or from the online parameter estimations-{15]
scheme was proposed {4]. However, the IPMSMs are well 19]. However, as discussed in [20], most of these kind of
known for their machine parameter uncertainty and non-lineg@ntrol schemes do not fully consider the machine parameter
characteristics due to the high level of magnetic saturatioygriations, i.e., ignoring the derivatives of machine parameters

cross-coupling effects and parameter dependency

Manuscript received July 26, 2017; revised October 16, 2017
accepted December 03, 2017.

Tianfu Sun is with Shenzhen Institutes of Advanced Technology,
Chinese Academy of Sciences, Shenzhen, China (e-mail:
tianfu.sun@foxmail.com).

Mikail Kog is with Ahi Evran University, Kirsehir, Turkey (Tel: +90 386
280 6055, e-mail: mkoc@ahievran.edu.tr).

Jiabin Wang is with the Department of Electronic and Electrical
Engineering, University of Sheffield, Sheffield, S1 3JD, UK (e-mail:
j-b.wang@sheffield.ac.uk).

The work reported in this paper was performed at the University of
Sheffield, UK, where Tianfu Sun was a Postdoctoral Research Fellow
and Mikail Ko¢ was a PhD Candidate. Corresponding author is Mikail
Kog.

With respect to the current angle or d-axis current. Therefore,
even though the accurate machine parameters can be known,
these MTPA control schemes cannot accurately calculate the
MTPA operation point and the deviation from the optimal
increases with the load. This problem, indeed, is the main
concern of this paper and it will be clarified and addressed in
great detail.

Instead of online calculatiothe online-search-based MTPA
control schemes [9], including the signal injection based MTPA
control schemes [10]13], adjust the current vector through
perturbation until the MTPA condition is met for a given torque
command. These MTPA control schemes are independent of
machine parameters but need to inject perturbations into
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current vector or voltage vector. The perturbations will cause By ignoring the derivatives of machine parameters with

additional losses and harmonics which will deteriorate controkspect to current angled¥,,/dp, dLq/0p, dL,/0p), the

performance and greatly limit the scope of this kind ofvell-known mathematical model of MTPA curves [24] given

approaches for the MTPA operation. by[(6)]anfl (7) are derived [3], [4]. They have been employed in
Recently, virtual signal injection control was proposed tgPMSM drives extensively [25]

track the MTPA points by injecting high frequency signal into

the IPMSM torque equation mathematically [Z2B]. Since ) Y. g2 .

. . .. . s lg= — =+ 12 (6)
the virtual signal injection control schemeedmot inject any 2(Lg — Lg) 4Ly —Lg? 1
real signal into motor, therefore, the additional power losses,
increased current/voltage harmonics and the resonant problems _y 4 \/q, 24 8(L _ Ld)zl 2
associated with the real signal injection are inherently avoided.  p = gjp-1 " " 1 ¢ ™)
The accuracy of virtual signal injection based MTPA control is 4(Lg — La)l,

analyzed in [20] and two forms of torque equations for injecting However, it is highly important to note that even though the

virtual signals are proposeds discussed in [20], by proper machine parameters emponed(G) (7) are accurate,

selecting the form of the torque equatloq, th_e error of MT'.Dnﬁrecise MTPA operation still cannot be achieved. This is due to
control due to the neglect of the derivatives of machi

: . Yhe neglect of the derivative ternisH,, /083, oL, /3B, dL,/3pB)
t th tt t I d- t . S a
parameters with respect to current angle or d-axis current can The influence of these derivatives in (5),

be partly cancelled. However, the selection of the equatiérﬁ

2
depends on machine characteristics [20] and the accurac;pﬁ‘ﬂ]ely' lacosp 0% /0 . —Iasin2f(9La/0B)/2
virtual signal injection based MTPA control may vary withlasin2f (0Lq/0p) /2 increases with load or current amplitude

different motors and operation conditions. 1,. Therefore, when the current amplitugés relatively large,

In this paper, a compensation scheme that can compenéQFe influence of these derivation terms would be significant
the error due to the neglect of the derivative of machir@found the MTPA pointsi, /9 = 0). o
parameters with respect to current angle is proposed based ol order to study the influence of these derivative terms,
the virtual signal injection concept. The proposed contrgfmulations were performed based on a nonlinear IPMSM
scheme is verified by simulations and experiments. It is shoWRgchine developed for distributed traction of a micro-size
that the proposed control scheme can compensate the efigFtric vehicle with peak power of 10 kW at the base speed of

effectively and can achieve relatively high MTPA controft350 r/min. The machine specifications are given in Table |
accuracy. During the simulation, the current angf®) (varied from25° to

45° with current amplitude equal to 80 A. The derivative terms,
Il.  INFLUENCES OF MACHINE PARAMETER VARIATION 3P1%0055(5‘1’m/53)/2 i 3plZsin2f (5La/_0[3)/4 and
The mathematical model of a three-phase IPMSM tp d-3Plasin2B(0Le/0p)/4 in[(5) are F:omparec_j WithT, /0 and
reference frame with sinusoidal stator current excitation f1OWn il Fig. 1. Theerroryyp,” in[Fig. 1 is the sum of the

shown in (1) to (3): derivative terms and given 8)
di 3p o, L I
vy =Lg d—g + Rig + pwnLyiq + pwn ¥y (1) errotiyrpy = —- 8 I cosp — ﬁgstﬂ
di, , oL 12 3p oW, L, oL, .
Vg =3Ld =+ Ria = PomLqiq (2 + a—ﬁq?astB] =5 [a—[;n + B iqg— a—;ld]lq (8)
14 . ..

Te = [¥niq + (La = Lq)ialq] ® o o _
id = —IaSin(ﬂ), iq = IaCOS(B) (4) df&

where,v,; andv, are the d- and g-axis voltages, respectively. 20 4 ETTOTpypA

The d-axis inductancg,, the g-axis inductanck, and the MTPA point with error
permanent magnet flux linkagé, are functions of both d- % 10> /f
currents,iy , and g-axis currenti,, due to the magnetic > : " 208
saturation effectp is the number of pole pairs ang, is rotor =~ ========="TTETTTERIC
speedl, andg denote the current amplitude and the current ——————— e == |
angle with respect to the g-axis, respectively. _ Real MTPA point \
According to[ (3) and_(4), the derivative of torque with  -10, ’s 2 35 0 45
respect to current angléT,/dp) is expressed ). Current angle )
‘?3_7; _ 3717 [~ 1,sinf + %Iacosﬁ _ Ldlg cos2f8 Fig. 1. Comparison of the derivative terms with aT, /3.
; oLy 12 12 As shown iff Fig. [, the real MTPA point is the point where
+Lgl§ cos 2 — ———sin2f + ———sin2f] (5) aT,/dB = 0. However, if the derivative terms [n_(5) are

ap 2 a8 2

ignored, the resultant MTPA point with error will be the
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intersection of théT,/dp curve and therroryp, curve, i.e., nominal stator resistances mathematically.in @ can be
dT, /0B — erroryrps = 0. The current angle corresponding toassumed to its nominal value or obtained from a look-up table.
the real MTPA point is abo®6.7°, however, the current angle As described in [22], [26], based on Taykrseries

of resultant MTPA point when the derivative terms are ignoregkpansion, the left hand sid(9) can be expressed as
is about27.1°, resulting in about 35% error in the current anglan@ respectively.

This error will be greater as the current amplitude increases. 0T 4

ro_ ) _ ,

To illustrate the influence of the derivative terms on MTPA et = Tea(B+ Asin(wnt)) = Te 1 (B) + B Asin(@pt)
control, constant current loci for every 10 A from 20 Ato 120 A 4 0 (0T, 4 A2 sin? 14
(the maximum current amplitude of the motor) together with ﬁ( 9B ) sin®(wpt) + - 14
the real MTPA points and the resultant MTPA points calculated 0T, ,

i.e., when the derivative terms are ignored, are shown ifr.2 = Te2(f + Asin(wpt)) =T, 2(f) + 3p Asin(wpyt)

ig. 2| The machine parameters[in](7) are the same as the o (TN ,
machine parameters in the nonlinear motor model. +ﬁ<w)fl sin®(wpt) + - (19
y Fm 12, According to| (4)| and| @5)| T, and T, contain tle
* ot 1 * :;:;:‘:'aj:‘:n information ofdT, , /df andaT, ,/dp, respectivelyThus, the
1 A o based on (7) information ofdT, ,/df ordT, /0B can be extracted by the
5 A P ’ja,;’ =il ot signal processing scheme shown in Flg. 3. The center frequency
e o . oy ~] of the band-pass filter 3 equals the virtually injected
2| A 3'[4,34 signal frequencywy) to eliminate other higher order terms in
e o 140 {15
%o 20 30 40 50 60 70 80 )s;o Tef11 orh 5
- e

p
Fig. 2. Torque versus current angle of the real MTPA points and the
MTPA points calculated by[(7)]

x dT, /3B

—{
filter

As can be seen frofn Fig] 2, due to the derivative terms, ~ sin(wyt)
although the machine parameters il (7) are accurate, the erfdgs3- Signal processing scheme.
of MTPA control based qn (p) ahd [7) are still significant.

Low-pass
filter

or
o aTe_Z /6,8

The output of the band-pass filter will be multiplied by
sin(wyt) and the result is given[id@)|of (L7)|wherek is the

I1l.  VIRTUAL SIGNAL INJECTION BASED CONTROL SCHEME . .
gain of the band-pass filtet w,, .

FOR MTPA OPERATION

A. Principle of Virtual Signal Injection K&A sin®(w,t) = K OTe 1 A {1 [cos(0) — COS(tht)]}
The virtual signal injection based control schemes for MTPA oB 1 aT aTa,B 2
operation have been reported in recent years-[2P]. This = —KA—2 — LKA cosQuwpt) (16)
kind of control schemes can track the MTPA points online 2 op ap
without injecting any real signals into motor. The virtual signalg —°2 4 sin2(w,t) = K e 2 A {1 [cos(0) — cos(tht)]}
injection control schemes can be realized by the equations B 2
given in[(9] and[ 10)] respectively, depending on the _ EKA 0Te, 0Te, KA cos2awpt) 17)
characteristics of the motor [20] 2 B 4 "
N 3p (vy — Rig _ L Va—Rig ), The right hand. side pfLe)|or| @ 7)|will be filtere_d by a 1
Te1 = 7{W_Ld(ld - ld) +mld}lq (9)  order low-pass filter whose cut-off frequency is below the
3p (v _Ri ) (04 — Ri) virtually injected signal frequency, to obtain the signal
Th, = _[ q a) 4 \Vd d it i(}; (10)  proportional todT, ,/0p or 0T, ,/dB . The output of the
z Wm Lq®Wm low-pass filter will be utilized to adjust the reference d-axis
where current or the reference current angle until it equals zero. In this
ig = —lgsin(B + AB) (11)  way, the MTPA points can be approached [20]
it =I,cos(B +4pB) (12 )
AB = Asin(wpt) (13) B. Error Analysis

_ o ~In steady state, by substitutior] of [@)]and (4) intp (9) and
wyis the angular frequency of the perturbation injected i [0L0)] the derivatives of, ; andT, , with respect to the current
the d- and g-axis currents mathematically. Accordifig t (9) anghg r >

e can be deduced ib8fland @9)| respectively. It is worth
the resultant calculated torque perturbatih, andTe’,  noting that sincelg in&n injected mathematically
can be calculated based on the measured d- and g-axis CUIre{i{g. no real signal is injected into motor, the measured d- and
the reference d- and g-axis voltages, the rotor speed and #laxis currents and the reference d- and g-axis voltages will not
vary with 48, nor do the machine parametersig){and @9)|
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Therefore, the output of the signal processing unit that is For most IPMSMsY¥,, is the no-load d-axis flux linkage.
proportional todT, ,/dp or dT, ,/0B also does not contain According t the variation of¢; with respect t@ should
the derivative terms of the machine parameters with respecth® dominated by the variation of d-axis current, Lgdi; /08

B. term in| Q4) Moreover, since the signs ot,/d8 and
aT 3p iq0Lg/0p in| (242| are opposited¥,,/dp andiy L, /0B will
ae‘l =5 [=WnlasinB — LqlZ cos 2 + Lyl cos 28] partly cancel each other. Therefore, the sumyéf/dp and
B 19 iy ALy /0P in[(8)should be relatively small and tie@roryrp,’
o7 3 12 given b should be dominated b8pi,i,(dL,/0B)/2 as
66_2 _°P [~¥ 1 sinf + Ly — (1 — cos 28) shown i Consequently, the error due to neglect of the
B 2 5 2 derivatives of machine parameters with respect to current angel
_ *Lglgcos 2B] (19 can be effectively minimized by the compensation of
Comparison qf (5) Wit|h1(8) yields: ~3piaiq(9Ly/0B)/2 in[(8)
7 57 The compensation of3pi,i,(dL,/0F)/2 requires the
L= % _error (200 information ofdL,/df. In order to extract the information of
6[)’ 6[)’ 1 q
— dL,/0p, the knowledge of g-axis flux linkag#y) is needed.
Comparison qf () witlh](g) yields: The relationship betweef, and d-axis voltage is given by
9T, , 0T, (27
= =—— 21
3p 3p error, (21) v, .
h Vg = W + Rld - p(,l)mlzuq (27)
where
3p[ov, oL aL Since the MTPA control only considers steady state
error, = 7[6—"‘ + a—did - a—qid] iy = erroryrps  (22)  operation, the transient terfd¥, /dt) in[(27)]is ignored and
3 3(%” ﬂaL ﬁaL the g-axis flux linkage can be estimatég [(28)] through
error, = 710 [a_[;" + a_;id — a_ﬁqid — Ldiq] iq (23) experiments or be calculated by finite element analysis (FEA).
. Vg — Rld
Since ¥ = T (28)
m
0% _ 0(¥m + Lala) _ O¥m + aﬁid + L, Ota (24) After ¥, is mapped with respect to d- and g-axis curretits, i
aﬂa, o 6Iﬁ n(8)) op O op can be modelled as an N-order polynomi
i - 7‘15”1 ﬁ = —IaCOS(,B) = —iq (25)
2B 9B N
. . — N .N_
Substitution df 24)](25)[intg (23) lp‘l(ld’ lq) - z Unigiq " (29)
n=0
error, = 3717[_%1,‘1 +aa% iq (26) Wwherea, is the coefficients of the polynomial. In this paper,

¥,(ia,iy) is mapped based on FEA data amdifth order

According t¢ 22)] the virtual signal injection MTPA control polynomlal IS adopted. to approximal, since _'t ylelds_
based of (9) is equivalent to the conventional methods Whigﬂtlsfactory accuracy with manageable computation. The fitted

are based ¢n (b) ahd [7). However, ohjyis needed. ¥, (ia, ig) map is shown 4
According tq g6)| for the motors that,dL,/dp is close to

a¥,/dp, theerror, in[(26)| may be partly cancelled. In this ¥q(ia ig)

case the MTPA control of the virtual signal injection control
based of 0)] may achieve better control accuracy than the
virtual signal injection based 9) and the methods based on
[(6)land (7). However, this is dependent on the characteristic of
the motor. More details can be found in [20].

0.05-

(qA\) a8exury xnp sixe-b

0

100
IV. THE PROPOSED CONTROL SCHEME P 3

As discussed in Section$ and Ill, the MTPA control '7“’”(4)
accuracy of the conve_ntpnal _MTPA. contr_oll schemes based BY. 4. The g-axis flux linkage (¥,) as a polynomial of d- and g-axis
[(6)land (7), and the existing virtual signal injection control Mayrents.
be affected by the derivatives of machine parameters with ‘
respect to current angle. In order to compensate the error termssinceL, = ¥, (iq,iq)/iq, If AB in|(13)‘is injected into the
the characteristics of the term§ in](8) was studied. current angle, i.e., substitution [o11]| [(12)] into[29)] the
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resultant g-axis inductance with the high frequency componegmiocessed by the he-pass filter whose center frequency

can be expressed [b3q)] equals taw;,. The output of the band-pass filter is multiplied by
n lIfq(if;, if;) sin(wyt) and adjusted by a negative gain. The resultant signal
La(B +4p) = in (30) is then processed by a low-pass filter and the output of the
Based on Taylor’s series expansion, the left hand side of[(30)] low-pass filter should be proportional ¥ which is given by
can be expressed[&)]
oL _0T., 3pdl, . 0T, .
Lg = Lq(B + Asin(wnt)) = Le(B) + a—;A sin(wpyt) M= 7 op lala = 55 — €17 (32
0 (9Lq) ;. 2 error; = error, ( 3P ani iq) (33
— (4 i 1 3 = MTPA — \™ 5 35 ldlg
+26,8<6[?>A sin“(wpt) + (31 2 0p

Similar to the extraction odT, ,/8p anddT, ,/d8, the The output of the Iow—pass filter is fed to an integrator to
. . - - . adjust the reference d-axis current uitiis equal to zero. As
information of dL,/0f can be extracted by the signal . . :

: heme showl B 3. It i i noting that (<2 P€ seen fron Fig] 1, since theoryp, is dominated by
processing scheme showr) in Fig. 3. It is worth noting tha —%pidiq(an/aﬁ)/Z, the error, given by[83)] should be

information ofd¥,, /08 anddL,;/dB in erroryrp, Can also be
extracted by the same method. However, this increases mgch smaller thaermr".’m’ A Thereforg, the MTPA (.:OHUOI
: . accuracy should be improved. It is worth noting that
complexity of the control scheme and requires morg . . .
information about machine parameters. Piq(9¥n/0p)/2 and3piqiq(0La/0)/4 i erroryrp, can
Since the extraction of the information @f, ,/dp and also be compensated_ in the similar way. However, th|s
- creases the complexity of the control scheme and requires

. X in
dL,/0p are based on the same signal processing scheme, the . . . .
a/ B gha’ p g mc}/re information about machine parameters while the

are combined together and sho. 5 improvement of the control accuracy may not be significant.
— The delay caused by the band-pass filter and low-pass filter in
Haliaiy) can be minimized by the self-learning control described
P e ahit) in [27].

The overall schematic of the IPMSM drive control system
employing the proposed control scheme is shofn in Fig. 6

W iy g Vg Vg

AR

o i
= q
lq

i | Ry ih Band-pass . : idref
'd A (Equalion Equation V}rtugl Bignal Reference
iq (11),(12) lg 9) In_]ectlon Block i i Te
, I - qref q
= Asin(wpt) ldrefl [ | Calculator
. PI ) Yd
sin(wpyt) w S5 dq to —=|SVPWM
, Low-pass Sument Vg | abe 3| Inverter
Liref filter Controllers ’@ i
Fig. 5. Schematic of virtual signal injection blocks for the generation of |_Decou ling|| abe .a
. plhng \
the reference d-axis current (g ). L 1 to dgq lp
[ IPMSM
shows the schematic of virtual signal injection blocks i Wy :Jé

for the generation of reference d-axis current for MTPAIg. 6. The overall schematic of the IPMSM drive control system.

operation. The measured d- and g-axis currents are transforme . . .
into the polar coordinate system to calculate the curregtg‘S shgwn |the rgference d'a.X'S current_|s generated
. . y the virtual signal injection scheme illustratel in Fig. 5. The
amplitudel, and the current angl@. The high frequency . A
signal 4B = A sin(wpt) is injected into the current angR resultant reference d-axis current together with the reference
h torque are fed to the reference g-axis current calculator to

mathematically. The resultant d- and g-axis currents with hi% . . i :
. . tain the reference g-axis currei.f{¢) based on34)| Since
frequency componentg} andi’, are calculated Hyl¢)|and . A
12q Thy hp_h db{'il“ qu her fed | dl' the generation of the reference d-axis current for MTPA
(12) en, theig a_n l_q are further ) ed Int q_(ld’lq) to operation is independent of the reference g-axis current, the
generate the g-axis inductance with the high frequengyyior parameters,, L,, ¥, in[34)]can be assumed as their
componentL?, according tp 30)| Since—3pi,i,(dL,/0pB)/2 : S :
comp “qr 9 Plaiq(0Lq/0F)/2  nominal values or obtained from pre-defined lagktables.
in[(8)| contains a factor 6f3pi,i,/2, the resultant? should r
be multiplied by this factor as showr] in Fig. 5 i - €
S h .h qref — 3 ]

Meanwhile, i andi calculated b and (2)|are also SP[¥n + (La = Lq)iarer]
fed int to calculat&,', together with the measured d- and The resultant reference d- and g-axis currents will be
g-axis currents, the measured motor speed and the d- aisl g-aompared with the measured d- and g-axis currents in Pl
command voltageg§;, and(—3pigi,/2) LY are summed and current controllers to generate the reference d- and g-axis

voltages after decoupling.

(34
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V. SIMULATION STUDIES 120

In this section, the performance of the proposed virtual signal 100!

injection control scheme illustrated/in Fid. 5 pnd Fig. 6 will be

studied by simulations. Since the characteristic of the_

Control trajectory based on (7) or (9) ‘

Control trajectory of the |

erroryrpa N may vary with different motors, the Ec 60|~ proposed control scheme [ T
simulations were performed based on two nonlinear IPMSM ' ; I
drive system models. The motor specifications of the two
IPMSMs are given in Table | and Talle respectively. The
¥, (ig, i) in[Fig. 4is modelled as a fifth order polynomial of d- o
MTPA control

and g-axis currents. Moreover, the

:"’
P e I Real MTPA trajectory ]
,4"
I e Control trajectory based on (10)
B s il \’ i - I
0 5 10 15 20 25 30 35 40 45
B

performances of the existing virtual signal injection contrdfig. 7. Real MTPA trajectory and resultant control trajectories based on
schemes based @)0)Jand the conventional MTPA control the first motor model and different MTPA control schemes.

based on the mathematical models givejn bl (6) aid (7) are alsg\s can be seen[in Fig] 7, the resultant control trajectory of the
simulated and compared with the simulation results of ”b*roposed control scheme is always close to the real MTPA

proposed control scheme.
TABLE |
PARAMETERS OF THE FIRST IPMSM MODEL

Number of pole-pairs 3
Phase resistance 51.2 mQ
Maximum current 118 A
Peak power below base speed 10 kw
Based/maximum speed 1350/4500 r/min
Continuous/peak torque 35.5/70 N'm
Nominal d-axis inductance 0.71 mH
Nominal g-axis inductance 1.94 mH
Nominal permanent magnet flux linkage 112.1 mWb
Peak power at maximum speed 7 kW
TABLE Il
PARAMETERS OF THE SECOND IPMSM MODEL
Number of pole-pairs 4
Phase resistance 13.27 mQ
Maximum current 450 A
Peak power below base speed 80 kW
Based/maximum speed 2728/7000 r/min
Continuous/peak torque 109/280 N'm
Nominal d-axis inductance 0.187 mH
Nominal g-axis inductance 0.494 mH
Nominal permanent magnet flux linkage 84.93 mWhb
Peak power at maximum speed 80 kW

A.Simulations Based on the First IPMSM Model

trajectory. The small error between the control trajectory of the
proposed control scheme and the real MTPA trajectory is due to
the neglect o3pi,(d¥,,/9B)/2 and3pisi,(0Ly/0F)/4 in

(8)

-However, the control trajectory calculated@(?) with the
same machine parameters of the motor model leads to
significant errors with respect to the real MTPA trajectory.
These errors will definitely affect the MTPA control
performance. The existing virtual signal injection control based
on@ generates same control trajectory as the trajectories
calculated bm), which also contains the relatively large errors.
The error of the existing virtual signal injection control based
od 10)|is smaller than that of the virtual signal injection based
on| (9) when/, > 40 A. This is due to the fact thgtdL,/dp
anda¥, /ap in[(26)]cancel each other partly. However, when
0 A<I, <40 A, the error of virtual signal injection control
based opX0)|is larger than that of the virtual signal injection

control based dn (b)

B.Simulations Based on the Second IPMSM Model

Simulations were also performed based on the second
nonlinear IPMSM model whose specifications are given in
Tablell. The corresponding real MTPA trajectory, the resultant
control trajectory based qn {7) [or {9), the resultant control
trajectory based and the control trajectory generated by

Simulations were first performed based on a high fidelity, o proposed control scheme are iIIustratig. 8.
nonlinear motor model [28] whose specification is given in Again, the proposed control scheme tracks the real MTPA

Table I. The real MTPA trajectory,

the resultant controjajectory accurately. Moreover, as illustrated in_Fijy. 8, the

trajectory based dn () pr {9), the resultant control trajectopyror of the existing virtual signal injection control based oh (9)

based o
proposed control scheme, in the formi of/s optimalg curves
are compared |n Fig.|7

and the control trajectory generated by thgs smaller than that of the virtual signal injection control based

on[(@0) whenl, < 200 A, but the existing virtual signal
injection based qri0)|has better MTPA control accuracy when
I, > 200 A. Therefore, although the existing virtual signal
injection control schemes based[on] (9) [ab@]fequire less
knowledge of machine parameters, their MTPA control
performances vary with current amplitude and machine
characteristics significantly. However, the proposed control
scheme can always track the MTPA points with a relatively
high accuracy.
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; analysis. In order to minimize the influences of the fundamental
& component and other harmonics on the output of the virtual
i signal injection, the frequency of the virtually injected signal
should be as high as possible but the maximum frequency is
limited by the sample rate of the controller. In this study, the
frequency and amplitude of the virtually injected signal was set
100 I Dt | to 1000 Hz anrj 0.001 rad respectivoly. The baod-pass filter in
SO N S s P = =1 [Fig. §was designed to be df arder with a bandwidth of 1 Hz

. ] ; [ Control trajectory based on (10) | i at the center frequency of the virtually injected signal.
0 5 10 15 30 35 40 45

20 25
B
Fig. 8. Real MTPA trajectory and resultant control trajectories based on IPMSM moor |

the second motor model and different MTPA control schemes.

| ip— ; ] . 1 i
| Control trajectory based on | ; I
350 - (7) or (9) | :

< 2801 | Control trajectory of the j_ e

s 200 | proposed control scheme jv'i.‘... .

150 beoev

C.Simulations with IPMSM having low saliency ratio

The two motor prototypes in the paper are specifically
designed for EV tractions and their saliency ratios are typical
for IPMSMs, i.e., between 2 and 3, for the purpose of high
attainable reluctance torque. To represent the low saliency
machinesL, of the first IPMSM model whose parameters are
given in Table | has been multiplied by 0.6 and the saliency
ratio was reduced to about 1.6. The drives have been simulated,
and the results are illustrated in Fig. 9.

120 T T
] Control trajectory based on |
100 (7) or (9)

9N N I N T - .. | S 5 /... AMTPA Points Tracking Test

| e we o] S W Tests were first performed to track the MTPA points when
] ‘ T the motor speed was 400 r/min and the reference torque varied

from 5 N-m to 60 N-m in steps of 5 N[m. Fid|shows the real

Ia (A)

401

2 e — MTPA points obtained by curve-fitting of the constant current
%, 4 6 s 10 12 1 1 13 2 amplitude locus, the control trajectory based on the proposed
B control scheme and the control trajectory based on virtual

Fig. 9. Simulation results when saliency ratio is about 1.6. signal injection without the compensation of the derivative

As can be seen, the proposed scheme is much better thani%r?i’e";ézefr\grtual |gnzlulgjttagtlt%r;(;ozirol baiie tﬁge). As
control scheme based [on|7) fnd| (9). The maximum deviatioh fn_Fig ] MTPA ‘

—" resultant control trajectory of the existing virtual signal
from the real MTPA point is about 4 degrees when proposrlerfjs ction MTPA control based 9) contagharge errors and

drive is employed. This deviation is caused by the neglectﬁof MTPA control scheme based (7) saefrom the
error terms, i.e.3piq (0¥ /0f)/2 and3piqiq(0La/0f)/4 in similar problem even if the parameters used were accurate.

erroryrpa, Since these two error terms do not cancel each Oﬂ]%wever, the proposed control scheme compensated the

exactly. .. .
: . . ... —3pisi,(0L,/0B)/2 term in error, and the control
With a low salience ratio, the reluctance torque contribution a(0Lq/0P)/ MTPA

. L L " accuracy was significantly increased. The relatively small error
is less significant. Hence, the MTPA point is less sensitiye to y 9 y y

Con nilv. the small deviationgwill not result in a lar between the control trajectory of the proposed control scheme
onsequently, the small deviatio fiwill not resu alar9€  and the real MTPA trajectory was caused by a combination of
difference in copper loss

the measurement error and the error in#€, i,) model as

VI. EXPERIMENTAL RESULTS well as the error due to neglectidgi, (0%,,/9p)/2 and

In order to verify the proposed control scheme, experimen%gldlq (0La/0B)/4 terms

were performed on a 10 kW prototype IPMSM drive system.

The IPMSM whose specifications are given in Table | is

mounted via a high precision inline torque transducer on the

test-rig and loaded by the dynamometer as shovn in1H]g.

During the tests, the motor was controlled in torque control

mode. ¥, (i4, ig) given in is modelled as a fifth order

polynomial of d- and g-axis currents; in@is obtained from

a look-up table which is generated based on finite element
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T T

: = r r @ Real MTPA trajectory
10 @ Real MTPA trajectory I 10 v Control trajectory based on proposed cdnti
v Control trajectory based on proposed cgntro O Control trajectory based on (9)
~ 80 .| O Control trajectory based on (9) g 8 —— Constant current amplitude locus
% —— Constant current amplitude locus S 6
< T (0] SR S —
g © e - sl
g — S 4 SAEEr e ame s S
S o EeYe V*j;*%fﬂ:%:@
N — Yo~ 2 e e
2 R —" —— wii?ﬁﬂ} €.
0 -80 -70 -60 -50 -40 -30 -20 -10 0
0 10 20 30 o 40 50 d-axis current (A)
Current angle ] Fig. 13. Torque versus current angle of different resultant control

Fig. 11. Torque versus current angle of different resultant control trajectories when speed was 1000 r/min.
trajectories when speed was 400 r/min.
. As mentioned in sectiolV/, the reference g-axis current is
Experiments were also performed when speed wa

L : Calculated byFA)]based on reference torque. Therefore, if the
1000r/min with reference torque varied from 5 N-m to 60 N- utput torque of the proposed control scheme and the control

in steps of 5 N-m. The resultant control trajectories of the heme based 9) is the same, the resultant current

- : . S
proposed control scheme and the existing virtual S'gnﬁtagnitude will be different. Table Ill compares the current

R _ )
injection based 0 compared with the real MTPampIitudes of the two different control schemes when the

;r:éee%oery c?)r;r?wennslate d thi:)gam’ tr;(:fegtri(\)lztl)segngoqi;ol torque is varied from 5kh to 60 Nm and speed is kept at
P MTPA Y 1000r/min. As can be seen, when the torque is low, the

performance is independent of motor speed when VOItagﬁ‘ference between the two control schemes is very small. The

saturation is not reached [22] difference becomes noticeable when the torque is greater than
30N-m. At 60 Nm, the difference reach 3.2% which implies

@ Real MTPA trajectory

~ 0, 1 I
10 v Control trajectory based on proposed cdhtrc that the proposed control would lead to ~6.4% reduction in
o O Control rajectory based on (9) copper loss compared to the control scheme bagded]on (9).

—— Constant current amplitude locus

" TABLE I
T COMPARISON OF THE CURRENTAMPLITUDE
Current amplitude
of the control Difference

Torque (Nm)
A o
:
i)
[l
| |
i
|93

Torque Current amplitude

— o — —]
2 ~—5 — reference  of the proposed o
oW — (N'm) control scheme (A) scheme based on (%)
0 = @(A)
0 10 20 30 40 50 60 101.14 104.40 3.2
Current angle% 55 92.48 95.310 3.1
Fig. 12. Torque versus current angle of different resultant control 50 83.99 86.32 2.8
trajectories when speed was 1000 r/min. 45 75.58 77.12 2.0
40 67.25 68.31 1.6
The torque vs d-axis current trajectories plott¢d in E2fare 35 58.97 59 56 1.0
shown i As can be seen, the negleceofory;p, also 30 50.63 51.13 1.0
caused large errors in the resultant d-axis currents and this erro25 42.37 42.57 0.5
is significantly compensated by the proposed control scheme. 20 34.06 34.14 0.2
The relatively small errors between the real MTPA trajectory i?;g i?;g 8'%
and the resultant trajectory of the proposed control scheme may g 8.71 8.71 0.0

be caused by the error #,(is i,) and the neglect of

3piq(0%n/06)/2 and 3piaiq(0La/0F)/% I errotumpy . B, Performance during Payload Torque Changes

However, since the constant current amplitude loci are smooth )
In order to illustrate the performance of the proposed control

and flat around the MTPA points, the relatively small errors X _
will not cause much additional copper loss. scheme during payload torque changes, the response of d-axis

current to a step change in torque command from 50 N-m to
55N-m at speed of 1000 r/min is shown[in_Fig] The
measured torque and the MTPA d-axis currents are also shown
in[Fig. 14] It can be seen that with the proposed control scheme
the d-axis current tracks the MTPA d-axis currents
automatically and the resultant d-axis current is very close to
the MTPA d-axis current. The small error will not cause much
additional copper loss because the constant current amplitude
loci shown in Fi§.l3| are flat around the MTPA points. The
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small error between the measured and reference torques magdieeme is that it requires the knowledgé’pfas a function of

caused by the combined eff(-t.'Ct. of the eI‘I’OI’S_ of .maChil‘@ﬁ and q_axis currents and inaccurlﬂ&éid’ lq) may affect the
parameters if 3@)] and the friction torque which is not \TpA control accuracy.

accounted in the torque reference.

85 r r r r
— Reference torque () 10
£ o e A Measured torque (M) .
Resultant d-axis current (A) <
g 65 48.5N'm ---MTPA d-axis current (A) [-10 =
© 55 50Nm . =
% y f.. aafarvanngraans ...n'.\..n ............. sl _30;
s i 53 5N B5N- 2
_____ S — -55.4 A -57.2 A | 501':
3 NNt
-50.0 A -48.2 A
25 b b -70
0 5 10 15 20 25 30 35

Time (s)

Fig. 14. Response of d-axis current to a step change in torque reference

at speed of 1000 r/min.

(1]

(2]

)

(4

The resultant current angle with the same operatids

conditions df Fig14lis shown ip Figl5| Due to the step change

of reference torque, the g-axis current increases, which results
in initial decrease in the current angle. However, the proposgil
control scheme adjusts the current angle until it is close to the

MTPA current angles.

8E T T T T
— Reference torque (M)

15— 11 Measured torque (M)
=65 Resultant current angl® (
£ 48.5N'm === MTPA current angle®
~ 50N'm [

o 55
g 1 } [ ............ .\ ‘\ ........ } ............ s
5 a5 @, 4‘ ...... 53.2N'm 55N‘m
= 36.5°  35.0° | ; 1
TSN e s R S
; ; i '36.8°  38.4°
25 L L L | |
0 5 10 15 20 25 30 35
Time (s)

Fig. 15. Response of current angle to a step change in torque reference

at speed of 1000 r/min.

VII. CONCLUSION

Current angle’)

(7]

8l

El

(10]

[11]

[12]

In this paper, the influence of the derivatives of machine
parameters with respect to current angle on MTPA operation[E]
analyzed. A virtual signal injection based control scheme has
been proposed to compensate the errors for MTPA operation
due to the derivative terms, and its performance has be[%
validated by experiments. The MTPA control accuracies of the
conventional model based MTPA control schemes, the existing

virtual signal injection control schemes and the propos
control scheme are compared. It has been shown that alth

yiic

otig

the existing virtual signal injection based MTPA control

amplitude and machine characteristics. However, the proposed
control scheme can always track the MTPA points with a

relatively high accuracy. The limitation of the proposed contr

h

schemes require less knowledge of machine parameters, their
MTPA control performance vary significantly with current
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