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A Virtual HF Signal Injection Based Maximum
Efficiency per Ampere Tracking
Control for IPMSM Drive

Mengdi Li"”, Sheng Huang *“, Xuan Wu ", Kan Liu

Abstract—In this article, a virtual high-frequency signal injec-
tion based searching method is proposed to derive the optimal
current angle for the maximum efficiency per ampere control of
interior permanent magnet synchronous machine (IPMSM) drive
system. It injects a small virtual square wave HF signal into the
mathematical model of IPMSM drive system including both the
electrical machine and inverter, by which the optimal current angle
could be accurately derived afterward. It is finally tested on a
1-kW prototype IPMSM and shows a good searching accuracy and
dynamic performance while the system loss and torque ripple will
not increase thanks to the virtualized signal injection.

Index Terms—Interior permanent magnet synchronous
machine (IPMSM), maximum efficiency per ampere (MEPA)
control, optimal searching, virtual high-frequency signal injection

(VHESD).

NTERIOR permanent magnet synchronous machines
I (IPMSMs) are considered to be one of the most suitable drive
machines for industry and home appliances due to its high effi-
ciency, high torque density, and wide speed range performance
[1]-[3]. Tt is noteworthy that the electric machine consumes
70% of global power energy. Even if the machine efficiency
could be increased by 1%, it will save 26-TW-h electricity in
China per annum. Consequently, the improvement of efficiency
of IPMSM drive system has now become one of the most
effective technologies for energy saving and cost-down of both
industrial and civil consumptions [4]-[5]. Thus, researches on
high-efficiency IPMSM control have been widely reported in
recent articles [6]-[25].
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Asreported in the existing articles, the main-stream efficiency
improvement technologies for [IPMSM drive control are mainly
divided into two categories [6]—[10]. The first one realizes the
maximum output torque with the minimum current amplitude,
also known as the maximum torque per ampere (MTPA) control
[6]-[11]. The optimal current angle of MTPA can be obtained by
using a pretested lookup table [7], [8] or online searching meth-
ods [9]-[11], being without requirements of prior knowledge
of machine parameters. Although the MTPA method presents a
better operation efficiency performance compared with 74 = 0
control. However, the MTPA method considers only minimum
copper loss and, thus, makes it not applicable to maximum effi-
ciency per ampere (MEPA) control. The MEPA method should
consider all drive system losses [11], which is an alternative
control algorithm for the IPMSM drive.

The other efficiency improvement method is based on the
online tracking of MEPA point, which can be further classi-
fied as: loss model based method [12]-[15], hybrid optimal
method [16]-[18], and online searching method [19]-[24]. The
loss model based method retrieves the optimal combination
of dg-axes reference currents from a pretested lookup table
or a high-order polynomial approximation. For this kind of
method, the accuracy of copper and iron loss mathematical
models is the key factors. However, the loss model based method
requires numerous repetitive experiments to form a lookup table
including detailed machine loss information under all operation
conditions, which suffers from disadvantages, such as time-
consuming and huge computation burden [13]-[15]. Besides,
the high-frequency machine loss and inverter loss are rarely
considered in loss model based method, which results in an
inevitable searching error. In order to solve the abovementioned
issues, the online searching method has been proposed in recent
articles, which could conduct an online searching of the mini-
mum power loss of the IPMSM drive system. Compared with
the loss model based method, it can effectively track the MEPA
current angle, irrespective of the varying machine parameters.
However, it should be noted that the online searching method
has a relatively low convergence rate compared with the loss
model based method and is easily affected by current or volt-
age harmonic. A comparative study of the aforementioned two
methods has been discussed in [25].

Recently, the virtual signal injection (VSI) method has been
reported in recent articles for MTPA control of IPMSMs, which
can continuously derive the optimal current angle of MTPA
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from a virtual machine torque model [26]-[29]. It only needs
to inject high-frequency square or sine signals into the virtual
machine model, and has no influence on the output torque and
losses of the real electrical machine. Meanwhile, it has a quite
low computation burden and is robust to parameter variations.
Besides, owing to its simplicity in calculation, it could be
used for online operation and also exhibits a good dynamic
performance, especially when a virtual high-frequency square
wave signal is employed [26]. Application of the VSI to the
maximum efficiency control has been rarely reported so far. It
is noticed that although the VSI method has been studied for
MTPA tracking, but its maximum efficiency point tracking and
robustness against inductance and flux linkage variations that
can improve the IPMSM drive efficiency have not been prop-
erly studied and reported yet. Fast response and strong robust-
ness against variations can ensure a fast current angle tracking
with a good accuracy, which is important for the maximum
efficiency operation of an IPMSM drive system. Introducing
the virtual high-frequency signal injection (VHFSI) method to
an IPMSM drive, explaining the implementation process and
sufficient experimental verifications showing the accuracy of
the MEPA point tracking are the new contributions of this
article.

Therefore, aiming to solve the aforementioned issue, a
VHFSI-based MEPA control method taking both loss models of
IPMSM and inverter loss models into consideration is proposed
in this article. It only needs to inject a virtual high-frequency
signal into the loss models of the IPMSM and the inverter,
and the optimal current angle could be online calculated. Since
there is only one VSI to the loss model, it has no influence
on the real losses and torque ripples of the IPMSM drive.
Besides, extensive experimental investigations are conducted
to validate the proposed MEPA tracking control scheme on a
laboratory 1.0-kW IPMSM drive system, and it is found that
the proposed method can achieve an accurate and fast MEPA
control performance.

This article is organized as follows. Section II describes the
IPMSM mathematical model and its loss model. The VHFSI
algorithm based on the mathematical loss model of the IPMSM
drive system is given in Section III. The experimental verifica-
tion of the proposed scheme is introduced in Section IV. Finally,
Section V concludes this article.

II. IPMSM DRIVE SYSTEM MODEL DESCRIPTION
A. IPMSM Mathematical Model

The dynamic voltage equations of an IPMSM are represented
in the dg-rotating reference frame [30], as

dig . ) (1)
Usq = Lg—t + Rsig + weLlgiq + Wekm

di . .
{ Usqa = La gt + Rsiq — welLgig
where 1 gand u,, are the stator voltages; 7gand 7, are the dg-axes
currents; L g and L, are the dg-axes inductances; R, is the stator
winding resistance; A, is the rotor flux linkage; and w, is the
electric angular velocity.
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The IPMSM electromagnetic torque and mechanical equa-
tions are expressed as

{Te = 2p(Amiq + (La — Ly)iaiq)

2
JWn — T, — T}, — Bwy, @

where p is the number of pole pairs, w,,, is the mechanical rotor
speed and w. = pw,,, T, is the load torque, and B and J are the
frictional coefficient and moment of inertia, respectively.

For the given reference current command I, the dg-axes
currents igand i, are presented as

1qg = —Issin(y)
{iq = I;cos(7) )

where 7y is the current angle between the stator current vector
and the g-axis. The optimal current angle ~ for the IPMSM
drive has been studied in the literature [25]. If the machine
parameters are known, the desired angle +y satisfies that 97, /dy
is equal to zero at constant current amplitude [26], which can be
expressed as

A+ \//\72,1 +8(Ly — La)°I2
4(Ly — La) 1, '

v =sin~ 4)
However, it is worth to point out that even though the precise
machine parameters are used in (4), accurate MEPA control still
cannot be achieved. This is due to the neglecting of the iron
loss, high-frequency loss and inverter loss in the IPMSM drive
system. The MTPA method considers only the copper loss while
minimizing the current amplitude for the same torque.

B. Loss Model and System Efficiency

An accurate and fast total losses calculation method is crucial
for MEPA operation. Therefore, the loss model characteristics of
the IPMSM drive system considering the fundamental frequency
loss, high-frequency loss and inverter loss are presented in this
section. An efficiency calculation method is developed with
parameter independence to the machine inductance and flux
linkage.

The fundamental frequency loss of IPMSM includes the cop-
per loss Py ¢ and the iron loss P, ; [13], in which P, ; can
be represented as

Py = %RSIE = %Rs(ifl +i2). 6))

From (5), P.,y is related to the phase current ampli-
tude, whereas the resistance R, is affected by the operation
temperature.

The iron loss can be classified as teeth iron loss and yoke iron
loss. The stator teeth, yoke flux density, and operation frequency
decide the iron loss P, ¢ together. The iron loss per volume can
be written as follows

dPy = onB2 f +0.B2 f* 6)
m2ok?
Oe = Td (7
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Fig. 1. Iron loss under different stator flux linkage and speed.

TABLE II
IPMSM SPECIFICATIONS

Parameters of IPMSM
Rated power(w) 1000  Stator resistance (Q) 3.98
Phase voltage (V) 253  d-axis inductance (mH)  33.08
Rated current (A) 2.7 g-axis inductance (mH)  111.93
Rated speed (r/min) 1000 PM flux linkage (Wb) 0.824
Rated frequency (Hz) 33.3  Pole pairs 2

where B,, is the flux density and f is the machine operation
frequency. oj, and o are the hysteresis and eddy loss coefficient,
respectively. o5, depends on the material property. K, is the
thickness of laminated steel. o is the electrical conductivity of
laminated steel.
The total iron loss including the teeth and yoke losses can be
defined in the dg-frame as
Py =dP]

irt,dq

Vi +dP! Vv

iry,dg 'Y

®)
where V; and V), are the volume of machine teeth and yoke,
respectively. A; and A, are the areas of machine teeth and yoke,
respectively. The flux density on the teeth B; 44 and yoke B, 44
can be expressed with the stator flux linkage as

Biaq = )Lind + )“12nq/Ata By,iq = )\'72nd + )‘%zq/Ay' C))
The total fundamental frequency iron loss (8) can be expressed

by using (6) and (9) as

Prf=0nef (Mg +rhg) +0pef? (Aog +A0,)  (10)
Vi Vy> 7T20’]€§ <Vt Vy)
OHe =0h | =5+ =5 | ;0B = -t |-
<A§ A2 6 AZ T A2
an

The iron loss coefficients are required to calculate the iron
loss using experiment method. First, small i, current is used
to compensate the mechanical losses under iy = 0 at various
speeds. The machine operates at different speeds from no-load
to full-load. The measured iron loss of the electrical machine can
be obtained by subtracting the copper loss, high frequency loss,
and inverter loss from the total losses. The iron loss coefficients
can be obtained by using curve fitting method. The constants o 7.
and o, are the measured average values under five different
speeds and flux linkage values. The measured iron loss is shown
in Fig. 1. The tested IPMSM parameters are given in Table II. It
can be derived from the obtained results that the average value
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TABLE I
TECHNICAL DATA FOR IGBT MODULE AT TEMPERATURE 25°C

Variable Typical value Unit

E,n (I.=25A, V,.=600V) 33 mJ

Eorr (I:=25A, V,.=600V) 56 mJ

Egrp (I7=25A, —dI/dt=

1100A/us) 305 mJ

Ron 0.5 mQ

Vin 1.5 \Y

of 0. and o, are 0.027 and 0.014, respectively, and they will
be used in this article.

The high-frequency loss of the IPMSM system produced by
nonsinusoidal power supply is inevitable, which makes the loss
increase, especially due to the switching frequency harmonic.
The harmonic eddy loss P}, is one of the main components,
whereas the harmonic copper loss can be neglected [31]. It can
be expressed as

Pap = kanAV2 (12)
279 1

avz, = e (2y, - Ly (13)
) 3 T 2

where V. is the dc-link voltage, and M, is the voltage modula-
tion coefficient. In this article, the loss coefficient £ 1, is selected
tobe 0.001 and it can be obtained by using finite element analysis
(software Maxwell) under voltage source supply [32].

The main losses on the inverter are the conduction loss
Piyv con and switching loss P,y g [32], which are expressed
as

6
Pinv,sw = ;(Eon + Eoff + Eerr)fsdeCIs (14)
1 1,
an con — 6 *V;)nIs + 7RonIg (15)
b 71_ 4 &

where f5,, is the switching frequency. E,,, and F,g are the
energy required to turn ON and turn OFF an insulated gate bipolar
transistor (IGBT), respectively. Fg,, is the power consumed
during the diode turning-OFF period. R,,, and V,,, are the resis-
tance and forward threshold voltage, respectively. For the power
module, the Infineon IGBT module FS25R12KE3 is used on the
tested drive and the datasheet is given in Table I.
Hence, the total losses can be expressed as

Ploss,total - Pcu,f + 1Dir,f + Pel,h + an,sw + Ijinv,con-
(16)
The inverter input power can be calculated by
P, = 1.5 X (usaia + Usqlq) (17)
where w144 and u, are the reference voltages of the current loop

outputs. Hence, the efficiency of the IPMSM drive system can
be derived as

Pin - Ploss,total

2 (18)

’[’/:
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Fig. 2. Relationship between the current angle and the efficiency under fixed
current amplitude.

III. PROPOSED VIRTUAL HF SIGNAL INJECTION METHOD FOR
MAXIMUM EFFICIENCY TRACKING

This section proposes a novel MEPA point tracking method
for the IPMSM drive system, in which the virtual HF square
wave signal is injected to the mathematical model to obtain the
optimal current angle. In this way, the MEPA angle can be ex-
tracted from the derived MEPA equation. The proposed scheme
is robust to inductance and flux linkage parameter variations
and the dynamic response is not sacrificed. The implementation
procedure of the proposed method is introduced in this section.

A. Searching for the MEPA Point Using Virtual HF
Signal Injection

The theoretical efficiency curve of the tested IPMSM is shown
in Fig. 2. The nameplate data of this machine are given in
Table II. The curve is obtained with a fixed current amplitude
2.7 A using a sweeping current angle method. With the current
angle changing from O to 1 rad, the efficiency initially increases
to the maximum value and then decreases. The maximum value
is called the MEPA point and it satisfies condition 97/9vy = 0.
There is a difference between MEPA point and MTPA point.
Besides, the machine parameters, such as inductance and magnet
flux linkage, are easily affected due to magnetic saturation and
temperature rise. Thus, the MEPA point calculated by using
machine datasheet parameters is inaccurate. Therefore, a VHFSI
method is proposed for online tracking the MEPA angle in this
article.

First, a square waveform signal is injected to the current angle
with 50% duty cycle, which is expressed as

8 {A, kT, <t < (k+1/2)T,

0, (k+1/2T<t<(k+nr, O

where A is the amplitude of the injected square waveform and
Ty is the period of the injection signal. k represents the nature
sequence.

Taylor’s series expansion of the efficiency after the VSI can
be derived as
h anh
n'(B) =n R

182 h
(0) + |ﬁ:05+§%|ﬂ:0ﬂ2+---

. on 13277 2
’"(7)+875+§%5 + - (20)
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where the superscript & represents the symbol of the injected
signal. To simplify the analysis, the fundamental component
of (20) is the major variation of the efficiency. Therefore, the
high-order components could be ignored. In this case, (20) can
be rewritten as

n

n"(B8) =n(y) + %5-

In (21), n(~) represents the drive system efficiency without
the injection signal, which can be calculated by using (18). Thus,
the searching objective is transferred from the MEPA point to
the point at 9n/dy = 0.

Since the injected signal 3 is a quite small value, thus, it
satisfies cos  ~ 1 and sin 8 ~ 8. The current i/; and i!" after
signal injection can be expressed as

21

it = —Isin(y + B) = igcosPB — igsinf xig —i,8  (22)

iZ = I,cos(y + B) = iqcos(B) + igsin(B) = iqg +iaB. (23)
After injecting the signal, the current will induce input power
change, which is (24) according to the model (17)

3
R}Ii = ’(Usdlg + usqig)- (24)

2
Substituting (22) and (23) into (24) and, thus, (24) can be

simplified to

Pfrﬁ = = [Usala + Usqliq + (Usqia — Usaiq) O] - (25)

2

In order to calculate accurately the IPMSM system efficiency,
the loss model after signal injection should be considered. The
fundamental frequency copper loss with the injected signal can
be written as

Pl = Ry((ig)* + (i5)%) = Rs(1 + B*) (i +13).  (26)

The accuracy of iron loss depends on the accurate stator flux
linkage value. However, the machine parameters can change due
to magnetic saturation and temperature rise. Thus, the stator flux
linkage may not be accurately calculated by using the nominal
inductance and flux linkage values. Hence, the stator flux linkage
could be estimated from the voltage and current. By neglecting
the current differential terms associated with the inductance, the
stator flux linkage can be obtained from the voltage as

{)»md _ usq;RSiq
_ _usdiRa‘id . 27)

Amg = o

Because R, can be updated online as discussed in Section III-
B, the iron loss model is robust against inductance and flux
linkage parameters variations. The stator flux linkage after signal
injection can be expressed as

)\.h _ usqusiZ; _ usq—Rs(ig+iaB)

md — We - We (28)
AP — —ugq+Ri"  —uggt+Rs(ia—igfB)

mq We - We '

Hence, the fundamental iron loss can be derived as

P = oy f(W )2 + (W )2 Hopef (M) + (W)
(29)
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Fig. 3. Schematic of the optimal current angle generation technique.

The constant oy, and og. can still use the values obtained
from the measured results as discussed previously. The high-
frequency eddy iron loss depends on the voltage, which is
kept unchanged. The inverter loss after signal injection can be
expressed as

h

inv,sw

(Eon + Eoﬂ + Eerr)fsvdc (22)2 + (22)2

(30)

Ao 3o

(Eon + Eoﬁ' + Ecrr) V 1 + 62fsvdcls

1 1
Plhvcon = 6(—Vou/1+ B2L + JRon(1+ )12, (3D)

The total loss of the drive system after signal injection can be
derived as

h __ ph h h h
’ploss,total - Pcu,f + ]Dir,f + Pel,h + P)inv,sw + ]Dinv,con'

(32)
Hence, the efficiency 7™ can be expressed as
R}Ill - P)lléss otal
h = o ot (33)

The searching objective value 397/0 can be obtained by
combining (17), (18), (21), and (33) as
0 QA KT, <t < (k+1/2)Ts
gy = ¢ b =1 < (B /20 (34)
2l 0,(k+1/2)T <t < (k+1)Ts.

The maximum value of %ﬁ(t) is updated online on each
pulsewidth modulation (PWM) period. A pure integral is used
to track the MEPA optimal current angle with an initial value.
The initial angle is chosen to be the MTPA angle because MTPA
angle is very close to the MEPA angle and this will reduce the
convergence time. The detailed implementation scheme of the
VSI method is illustrated in Fig. 3.

The optimal current angle can be obtained from the aforemen-
tioned method. The d-axis and g-axis current references could
be expressed as

(35)

d
iy = Iscos(y*).

{i* = —Issin(yx*)
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Thus, the proposed MEPA method can realize an accurate
current control for the IPMSM drive system with a simple im-
plementation and fast response. The d-axis and g-axis feedback
currents are used to track the reference values accurately.

B. Implementation Procedure

The proposed VSI scheme for searching the MEPA point of
the IPMSM drive system is implemented. The specifications of
the experimental [IPMSM are listed in Table II. From (18), the
dg-axes currents, dg-axes reference voltages, machine rotational
speed, and the optimal current angle need to be measured in each
PWM period for calculating the maximum efficiency point.

The copper loss is directly calculated according to the feed-
back dg-axes currents. The stator resistance R? may change
with the operation temperature, which can be expressed as

RY = Ry(1 + (T — Tp)) (36)

where R is the initial resistance at room temperature 7. The
actual temperature 7 can be detected by the thermal resistor
placed in the windings. « is the thermal coefficient of the copper.
The iron loss for the fundamental frequency is calculated by (10),
so it has to ensure that the correct flux density value is used.
The reference voltage u.q and ug, are the current loop control
outputs and are taken as the measured voltage. However, the
inverter terminal voltage may be different from the reference
voltage due to the inverter nonlinear effects, such as dead time
and diode voltage drop. Therefore, the reference voltage has to
be compensated for reducing the input power error. The revised
reference voltage can be expressed as

uy | Usa
=
uy Usq

where Dy and D, can be expressed as

+ Vdcad

Dy
Dq] (37

Dq| cos(f)  cos(f —2/3w) cos(f +2/3m)
D,| | -—sin(@) —sin(d—2/37) sin(f —1/3n)
sign(iq)
x| sign(ip) (38)
sign(ic)

In (38), Dy and D, present periodic variation with the rotor
position 6. Therefore, the average value uy and u;, should be used
for power calculation. The distorted voltage Vieaq is a constant
of 0.5 V for the tested system. The modulation index M, is
used to calculate the high-frequency eddy current loss. M, is
calculated using (39). The measured dc-link voltage and current
are used to calculate the inverter loss according to the inverter

loss model (14) and (15)
24 /u:l2 + u:}Q
M, = = .
Vdc Vdc

The VSI method for searching the optimal current angle
is summarized as follows. The flowchart of the implementa-
tion procedure is given in Fig. 4 and the drive system control
flowchart is given in Fig. 5.

2‘/line

(39)
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Input IPMSM and inverter
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Input load and
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|
Search algorithm A
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Calculate efficiency (18) and
efficiency after the virtual
signal injection (33)

]
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I
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Fig. 4. Flowchart of the implementation procedure of MEPA operation for an
IPMSM drive system based on the VSI method.

DC
Source

MEPA
operation
based
VSI for
optimal
current
angle in
Fig. 3

Speed calculation and

”» . - IPMSM
position detection

Fig. 5. System control block diagram of IPMSM MEPA operation with the
VSI method.

VSI method based MEPA operation of IPMSM using opti-
mal current angle .

1. Set initiate parameters, such as the current angle ~ipnit,
R, loss model constant, and set k = 1.

2. Measure Vyc, idq. ugq, M,, w,, and RST with the
temperature 7.

3. Calculate the efficiency using (18), the VSI efficiency
using (33), and the optimal angle v, (k + 1).

4. Obtain new reference current command 7 o Set k=
k+1 and go back to 2.

The needed data for online losses calculation during the PWM
period could be directly obtained, which are simple and effective.
Besides, this calculation method is very robust to current/voltage
harmonics and machine parameter (inductance and flux linkage)
variations. The efficiency calculation is reliable since the loss

6107

HIOKO Power
analyzer PW6001

Torque
sensor

Inverter

et = t _ "N - - e e,

Fig. 6.
method.

Experimental platform for verifying the proposed MEPA operation

model considers all loss components including both the machine
and the inverter. Moreover, the injection signal is not real, thus,
it will not result in any negative effect, such as increased loss and
torque ripple. Furthermore, the square signal injection method
does not require any filters. Therefore, the system exhibits fast
dynamic response and good stability. The updated 7, could be
used to realize the maximum efficiency operation for IPMSM
drive system with the minimum energy consumption.

IV. EXPERIMENTAL VERIFICATIONS

The proposed algorithm is validated on a 1.0-kW IPMSM
drive system. The IPMSM parameters are given in Table II.
A mechanically coupled magnetic powder brake (see Fig. 6)
is employed as the external load in the test bench. The algo-
rithm is implemented on a DEMA D6L inverter, which includes
a fixed point Texas Instrument (Dallas, TX, USA) processor
(DSP-F2808) controller. An incremental encoder PEN K3808G-
2000BM-K830 with 2000 P/R resolution is used for measuring
the rotor position and speed. In the experiment, the sampling
and switching frequency of the SVPWM is set to 10 kHz. In
order to minimize the effect between fundamental frequency
and injected virtual signal current angle, the frequency of virtual
injected signal should be selected as high as possible. However, it
could not exceed the switching frequency. Therefore, the virtual
injected signal amplitude is selected 0.002 rad with 50% duty
cycle and the injected frequency is set to 1 kHz in this article. The
dc-link voltage through a three-phase uncontrollable rectifier
is 580 V. The initial resistance is tested before starting the
experiment. Then, the stator resistance is updated online in the
program according to the detected temperature by using (36).
The speed loop PI regulator (with k, = 50 and k; = 200) and
the current loop PI regulator (with k, = 30 and k; = 30) are
used in the controller.

The first set experiment is conducted to find the actual
MEPA angle using the sweeping method at the rated current.
A torque sensor (JN338-50) with a resolution of 0.1% between
the IPMSM and the brake is installed to measure the output
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mechanical torque and calculate the output power. The power
analyzer HIOKI PW6001 with an accuracy of +0.02% is used
for the input power measurement. This actual current angle can
be used to compare and evaluate the accuracy of the proposed
algorithm with the tracking results in the later section. The
detailed test process for obtaining the actual MEPA angle is
divided into the following steps.

Test process for actual MEPA current angle Y.

Step.1: Initial operation condition, speed
w, = 1000r/min, Yy = 0, increase the load until
the current reach I, = 2.7A.

Step.2: Measure the mechanic power P, and the input
power P,,. Calculate the efficiency 17 = Pyt /Pin.

Step.3: vx1+1 = Yx + 0.25deg, adjust the load and keep
the current I, = 2.7A.

Step.4: Repeat Step 2 and Step 3 till T = 60deg.

Find the actually optimal MEPA current angle Y. End

Fig. 7 presents the sweeping current angle results of efficiency,
torque, input power, and total power loss at rated current of 2.7 A
and the rated speed of 1000 r/min. It can be seen that the current
angle for the maximum efficiency point is 17.5°, whereas for
the MTPA operation, the current angle is 15°. The difference
between the MEPA angle and the MTPA angle is due to the
neglecting of the iron loss, eddy loss, and inverter loss in MTPA.
Therefore, the accurate MEPA tracking method is required to
obtain maximum efficiency operation point.

In order to verify the accuracy of loss model, the measured and
analytically calculated efficiency values with the MEPA control
on the tested [IPMSM drive system at 1000 r/min are compared in
Fig. 8. The current angle of the measured efficiency is the same
as the calculated efficiency. The test time is short enough to keep
the operation temperature and the resistance similar between the
comparison experiments. It can been seen that the maximum
efficiency error between the measured and calculated efficiency
is less than 0.5%. Therefore, the proposed method is precise
enough for loss model.
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A. MEPA Tracking With the Proposed Approach

In this experiment, the performance of tracking the MEPA
angle is validated with the proposed VSI method. When the
IPMSM enters a steady state, the virtual signal angle 3(t) is
injected into the initial angle to obtain the virtual efficiency, and
the MEPA angle is then exacted by using the proposed algorithm
in Fig. 3. In this test, the stator current is at its rated value of
2.7TA.

Fig. 9(a) shows the current angle, torque waveform and
Fig. 9(b) shows the measured dg-axes current responses with
the proposed method to track the MEPA point. After the square
waveform signal is injected, the proposed algorithm is enabled
at 1 s under the steady state. The initial current angle ~i,j; is
set to 14.5° according to the MTPA (4) and machine parameters
given in Table II. It can be seen that it takes 0.2 s to converge
to the finial MEPA angle 17.4°. The MEPA angle of 17.4° is
very close to the results obtained from the angle sweeping 17.5°
at the speed of 1000 r/min and rated load. Therefore, the error
between the real MEPA angle and the calculated MEPA angle is
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0.1°, which is negligible. Besides, it can be seen that the VSI will
not cause additional torque ripple. Hence, the proposed method
is verified to be feasible for tracking the MEPA angle of the
IPMSM drive system.

B. MEPA Tracking Load Change Experiment

In this experiment, the proposed method is investigated for the
performance under different load conditions. Fig. 10(a) shows
the calculated current angle, speed, and torque when the load
step increases from 50% to 100% and the speed is maintained
at 1000 r/min. Fig. 10(b) and (c) shows the dg-axes currents
and voltage during the step load change. The initial calculated
current angle is 12° with the MEPA method at 50% load. Then,
when the load increases at 1.6 s, the current angle changes
from 12° to 17.5° at 2.0 s. The current angle finally converges
to the sweeping results. Besides, the quantitative comparison
of the proposed MEPA angle ~v.,1. and the optimal sweeping
current angle 7,ctua1 Under different currents are presented in
Table III. From these results, the error between the calculation
result and sweeping result is less than 1°. It can be seen that the
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TABLE III
ACTUAL AND CALCULATED MEPA ANGLE AT 1000 r/min, VARYING [

I 0.25p.u. 0.5p.u. 0.75p.u. Ip.u.
Y eale 8.4 11.7 14.8 17.2
Yactual 8.9 12.4 15.3 17.5
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Fig. 11.  Variation of dg-axes inductances of test machine under MEPA control.
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Fig. 12.  Measured results of the proposed method at 1000 r/min. (a) Torque

and current angle at 1000 r/min. (b) dg-axes current at 1000 r/min.

proposed method could search for the MEPA point accurately
with different load.

The variation of dg-axes inductances of the test machine
under MEPA control is shown in Fig. 11. The machine induc-
tance would change significantly from no-load to full-load. The
rare earth permanent magnet (PM) XG196/96 with maximum
working temperature of 120 °C is used for permanent magnets.
Fig. 12 shows the experimental results of the proposed method
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at 1000 r/min with different step load changes. With introducing
VSI, it can be observed that the current angle can track the MEPA
point accurately and fast. The dg-axes current feedbacks can
track the reference signals with fast responses. The proposed
control scheme has good robustness against machine inductance
and flux linkage variations.

C. MEPA Tracking Acceleration Experiment

In this experiment, the proposed method is investigated for the
performance under different speeds. Fig. 13 shows the results of
the proposed method when the speed step increases from 500
to 1000 r/min and the load is maintained at full load. Fig. 13(a)
shows the results of the speed and current angle. Fig. 13(b) and
(c) shows the dg-axes currents and voltages during the speed
change. By varying the speed, the MEPA angle changes from 11°
to 17.5° due to the increase of the iron loss and high-frequency
eddy current loss. The calculated MEPA angle at 500 r/min is
11° and the real one is 12°. This indicates that the proposed VSI
algorithm is feasible and can perform as expected under range
speed condition.
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D. MEPA Tracking Comparative Experiment With MTPA

Fig. 14 shows the comparison results of current angle with the
MTPA method and the proposed MEPA method under different
current amplitude at speeds of 500 and 1000 r/min. To make
it a fair comparison between the MTPA result and the MEPA
result, the operation temperature is selected at 25 °C and the
current amplitude is strictly the same. It can be seen from Fig. 14
that the MEPA angle and MTPA angle increase with the load
current amplitude until its rated value. Besides, the angle error
is relatively large when the current amplitude is small.

Fig. 15 shows the measured efficiency comparison at 500 and
1000 r/min and 0.5 and 1 p.u. current, respectively. It can be
seen from Fig. 15 that the proposed MEPA algorithm improves
the system efficiency to a certain extent, especially in the low
current load region.

Fig. 16(a) shows the system efficiency comparison under
MEPA angle and MPTA angle with varying current and speed.
Fig. 16(b) shows the efficiency improvement when using the
MEPA angle to replace the MTPA angle. It can be seen that the
efficiency in the high-speed range is improved more significantly
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with the proposed method. For the low speed and high load con-
dition, there has not much difference on the efficiency whatever
current angle is used. When the proposed method is used, the
efficiency could be improved in the whole operation range with
different currents and speeds. It can be inferred that the energy
saving benefit could be further clear for the high power machine
and inverter with the proposed method.

Fig. 17 shows the measured efficiency of the system and
machine at 1000 r/min with different load using the MEPA angle
or the MTPA angle. It can be seen that the efficiency for both
system and machine with the MTPA angle is a bit lower than
that with MEPA angle at the same load condition. Table IV lists
the loss comparison of MEPA and MTPA angles at the current
of 0.25, 0.5, and 1 p.u., respectively, and the speed is kept at
1000 r/min. The copper loss is kept the same for both methods
since the current amplitude does not change. It can be seen
that the core loss increase with load current and the proposed
MEPA method has a lower core loss. There is a slight increase in
harmonic loss due to the increase of M, . As the current increases
from 0.25 to 1 p.u., the inverter loss with MEPA is slightly more
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TABLE IV
Loss COMPARISON AT 0.25, 0.5, AND 1 p.u. CURRENT AND 1000 r/min

I 0.25p.u. 0.5p.u. Ip.u.
Method MTPA | MEPA | MTPA | MEPA | MTPA | MEPA
Copper 55 55 219 21.9 87.5 87.5
Loss Core | 324 | 285 | 329 | 287 | 357 | 308
W) Eddy 227 | 229 | 257 | 255 | 31.7 | 318
Inverter 48.3 42.7 70.4 74.6 108 112
Efficiency
improvement with
the proposed method 44 32 03
(%)
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Fig. 18.  Experimental results at 1000 r/min with step load change from 5 to

10 N-m and then to 5 N-m. (a) Method reported in [13]. (b) Proposed method.

than that of MTPA method at 0.25 p.u. and then less than it at
0.5 and 1 p.u. Besides, it can be seen that the total efficiency
improvement is more significant in the low current region.

E. MEPA Tracking Comparative Experiment With Method
Reported in [13]

To prove the dynamic performance of the proposed method,
the experimental results of dg-axes currents and the speed re-
sponse at the speed of 1000 r/min with step load changes of
5-10-5 N-m is shown in Fig. 18(b). For a fair of comparison,
the efficiency lookup table method [13] is tested at the same
condition, and the results are shown in Fig. 18(a). It can be
seen that the tracking process in the d-axis current will be quite
obvious, whereas there is almost no significant tracking process
in the g-axis current for both the proposed method and the lookup
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table method. It can be concluded that the proposed method
exhibits faster dynamic performance, and operates stably after
adjustment. The convergence time of the current angle after the
load torque change with the proposed method is shorter than
that of using the lookup table method [13]. It is proved that
the proposed method has better dynamic performance than the
previous method reported in [13].

F. MEPA Tracking Operation Temperature
Change Experiment

In order to verify that the proposed method can be used under
different temperature conditions, the IPMSM is operated under
the rated load for 30 min to heat the IPMSM to 65 °C. A
special test about system efficiency is conducted at 1000 r/min
under different loads, as shown in Fig. 19, for 25 °C and 65 °C,
respectively.

In the end, the effectiveness of the proposed VSI method
for searching the MEPA current angle is verified under various
speeds and loads. It can be concluded that the system efficiency
is significantly improved with the proposed algorithm under high
speed and lower current operation conditions. For example, the
efficiency with MEPA angle is 74.5%, and the efficiency with
MTPA angle is 70.3% at the speed of 1000 r/min and 0.25 p.u.
current. While, the efficiency increases from 85.6% to 86% with
the MEPA angle to replace the MTPA angle at 1000 r/min and
2.7 A rated current. The efficiency improvement effect is the
minimum under low speed and large load current operation
conditions. The current angle error is less than 1° between the
calculated angle and real angle, which verifies the effectiveness
of the proposed method for tracking the MEPA angle. The small
difference is due to the neglecting of the PM eddy current loss
and other high-order harmonic iron losses. The proposed MEPA
algorithm has been proved to be able to improve IPMSM drive
system efficiency under various working condition.

V. CONCLUSION

A VHFSI-based method searching for the optimal MEPA
current angle of the IPMSM drive system (electrical machine
and inverter) is proposed in this article. Under the MEPA control,
the current angle could be derived from the virtual efficiency
model and updated online in each control period. It has a good
feature that the VSI would not cause adverse loss and torque
ripple increase. The effectiveness of the proposed VHFSI control
method is demonstrated with extensive experiments under var-
ious operation conditions. Compared with existing methods for

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 6, JUNE 2020

MEPA tracking, the proposed method shows a good searching
accuracy and dynamic performance with simple implementa-
tion. Besides, in real application, such as high power electric
vehicle and train, it also can be employed for the online searching
of optimal operation efficiency point. Meanwhile, the proposed
method is parameter independent to machine inductance and
flux linkage variations. More importantly, the proposed method
works below the base speed (in the constant torque region)
and the consideration of the voltage limitation and working in
over-modulation region will, therefore, be the priority of future
researches.
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