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ABSTRACT In this paper, a new maximum torque per ampere (MTPA) control method for surface
permanent magnet synchronous motors (SPMSMs) controlled by the scalar control (v/f ) method is proposed.
The scalar control is a sensorless method that controls only the magnitude and the frequency of the stator
voltage vector without the information of the rotor position. This method suggests the injection of the high
frequency voltage signal in the stator current vector reference frame, which can be calculated from the
measured phase currents, to avoid the use of rotor position information. In addition, this method adjusts
only the magnitude of the stator voltage to minimize the stator current based on the calculated input power.
Anothermerit of this method is the robustness of theMTPA control tomachine parameter errors or variations.
With this proposedmethod, the stator current can beminimized in the whole speed-torque range and the drive
efficiency can be improved. Simulation and experimental results are provided to verify the performance of
this control strategy.

INDEX TERMS V/f scalar control, maximum torque per ampere (MTPA), surface permanent magnet
synchronous motor (SPMSM), high frequency voltage injection.

I. INTRODUCTION
Recently, energy saving is a crucial issue in many
industrial applications. Permanent magnet synchronous
motors (PMSMs) have replaced induction machines (IMs)
since PMSMs offer higher power density and efficiency than
IMs. In addition, the inverter-fed PMSM drives with both
the vector and scalar control methods have significantly
increased. The vector control method is superior to the scalar
control method in terms of dynamic response, system effi-
ciency, and so on. Nevertheless, the scalar control method is
used in many applications that do not require high dynamic
performance, such as fans or pumps, and it ensures a simple
control design, a low-cost implementation, and an easier
commissioning by the end user [1], [2]. In the scalar control,
the constant flux control is used to minimize the no-load
current and avoid the stator flux linkage saturation. How-
ever, this control results in the decrease of system efficiency
because of the excessive stator current under load conditions.
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In this study, we propose a MTPA control method that can
enhance the efficiency of SPMSMs controlled by the v/f
scalar control method by minimizing the stator current. This
method applies for the scalar-controlled drives that do not
require the information of the rotor position.

The MTPA control methods for scalar-controlled PMSMs
have been proposed in [2]–[9]. In [2]–[5], the MTPA con-
trol methods were implemented with two control loops to
correct the stator voltage amplitude and phase by regulating
the reactive power. These methods could achieve the fast
dynamic response and high efficiency. However, intensive
calculations and accurate information of machine parame-
ters were required. Thus, if the motor parameters such as
stator inductance vary with temperature and flux saturation,
the MTPA control cannot be guaranteed. The approach in
[6]–[8] proposed the voltage amplitude correction method
based on the power-factor angle error. The power-factor angle
reference for the MTPA operation is calculated with machine
parameters considering the operating condition. However,
the algorithm in this method is complicated and is sensitive
to the parameter errors. Method described in [9] proposes

96036 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/ VOLUME 8, 2020

https://orcid.org/0000-0003-4527-0082
https://orcid.org/0000-0002-9336-1408
https://orcid.org/0000-0002-3517-5236


K. Lee, Y. Han: MTPA Control Strategy Based on Signal Injection

the use of the d-axis current error to implement the MTPA
control. This method has good control performances over
wide operating speed ranges. However, because it requires
the information of the rotor position, it is not suitable for the
v/f -controlled drives. The major advantages of the v/f control
is that it does not require the rotor position information.

In [10]–[13], the MTPA control methods were introduced
for vector controlled PMSMs. In [10], the high frequency
signal is injected into the flux reference. The torque varia-
tion caused by the current vector angle becomes zero at the
MTPA points, and thus the MTPA points can be tracked.
However, the measurement of the torque variation is difficult.
In [11], the high frequency current signal is injected and
the speed variation instead of the torque variation is used
to track MTPA points. The performance of this method is
limited by the resolution of the speed/position sensor. In [12],
the high frequency current signal is injected and the input
power is used to track the MTPA points. This current signal
injection method requires the rotor position information and
two high-frequency current regulators. In [13], a method was
proposed to inject the virtual current signal to track theMTPA
points. This method avoids additional loss by the injected
signal. However, similar to other approaches in [10]–[12], this
method also requires the rotor position information, which is
unknown in the scalar control method. Consequently, these
methods cannot be applied to achieve the MTPA control for
scalar-controlled SPMSM drives.

We propose a new MTPA control method suitable for
scalar-controlled SPMSM drives. This method injects the
high frequency voltage signal to track the MTPA operating
points and does not use the rotor position information. The
remainder of this paper illustrates the principles of the pro-
posedMTPA control method.We also verify the performance
of this method using simulation and experimental results.

FIGURE 1. Equivalent circuit of the SPMSM in the rotor reference frame;
(a) d-axis circuit (b) q-axis circuit.

II. CONVENTIONAL SCALAR CONTROL METHOD
The machine equivalent circuit is shown in Fig. 1. The
SPMSM machine equation can be described in the rotor
reference frame [2], [3], as follows:[

vrd
vrq

]
=

[
rs + pLs −ωrLs
ωrLs rs + pLs

] [
ird
irq

]
+

[
0

ωrλf

]
(1)

where p is the derivative operator, rs is the stator winding
resistance, Ls is the stator inductance, vrd and vrq are the
d-q axis stator voltages in the rotor reference frame, ird and
irq are the d-q axis stator currents in the rotor reference frame,
and ωr and λf are the electrical angular frequency of the rotor

and the permanent magnet (PM) flux linkage, respectively.
In the vector control methods, the quantities in the stator
reference frame are transformed into the rotor reference frame
to remove the dependency on the rotor position, where the
d-axis is aligned with the electrical position of the rotor
flux. Therefore, the vector control methods need the speed
and position sensors such as the encoder and resolver. This
increases the system cost and reduce the system reliability.
Alternatively, the sensorless control can be used to estimate
the rotor position and speed by using model-based observers
or the high frequency signal injection. However, the sensor-
less control increases the complexity of the control, and the
system performance is degraded by the errors of machine
parameters.

FIGURE 2. Phasor diagram of constant stator flux v/f controlled SPMSM
in a steady state.

In the v/f control method, the amplitude and the frequency
of the voltage vector are only controlled without the rotor
position information. The γ -δ axis synchronous reference
frame is generally used for the control, where the δ-axis
is aligned with the stator voltage vector. The v/f control
method can be easily implemented compared to the vector
control methods. Fig. 2 shows the phasor diagram of the stator
voltage and current vectors in the γ -δ and d-q synchronous
reference frames. The δ-axis and d-axis are aligned with the
stator voltage vector and the rotor flux direction, respectively.
The equation of the SPMSM machine in the γ -δ axis refer-
ence frame can be written as[
veγ
veδ

]
=

[
rs + pLs −ωeLs
ωeLs rs + pLs

] [
ieγ
ieδ

]
+ ωeλf

[
sin δ
cos δ

]
(2)

where veγ and veδ are the γ -axis and δ-axis voltages, and ieγ
and ieδ are the γ -axis and δ-axis currents, respectively. ωe is
the synchronous angular frequency of the voltage vector and
δ is the load angle.

The v/f control for the PMSMs is inherently unstable
because of the nonexistence of the damper winding unlike
that for the IMs [9], [14]. Hence, under significant load distur-
bance, the v/f controlled PMSMs easily lose synchronization.
In general, the v/f control method for synchronous motors
requires the stabilizing loop to ensure the stable operation in
all operating ranges. Fig. 3 shows the conventional v/f control
method with the stabilizing loop [14]. To tolerate the external
disturbance, the synchronous frequency ωe is calculated with
the speed command ω0 and the frequency modulation signal
1ωe. The frequency modulation signal is generated in the
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stabilizing loop based on the input power calculated with
the voltage commands and the stator currents. The calculated
input power is passed through the high-pass filter to extract
the power perturbation. Then, the frequency modulation sig-
nal 1ωe is obtained by multiplying the proportional gain kp
with the power perturbation. The gain kp is properly selected
to place the system poles in the stable region [14].

FIGURE 3. Conventional scalar control with the stabilizing loop.

The magnitude of the voltage command is calculated to
maintain a constant stator flux linkage and it can be instan-
taneously calculated with the speed command ω0 and the
permanent magnet flux linkage λf as

V ∗s = ω0λf . (3)

Furthermore, considering the stator resistance voltage drop,
the stator voltage command in (3) is rewritten as [14]

V ∗s = rsIs cosφ +
√(
ω0λf

)2
− (rsIs sinφ)2 (4)

where Is is the magnitude of the current vector, and φ is
the power factor angle. With this selection, the magnitude
of Es in Fig. 2 satisfies the equation below in all operating
conditions.

|Es| = |Em| = ω0λf (5)

where Es and Em are the voltage vectors induced by the stator
flux linkage and the permanent magnet flux linkage, respec-
tively. Then, the machine has the same torque capability in
all operating ranges, and the no-load current is minimized
as keeping comparably the low stator voltage [14]. However,
it is difficult to certify the minimum current at the no-load
condition in case of varying motor parameters such as the
stator resistance and the permanent magnet flux linkage.
Furthermore, if the load and the stator current increase as
the machine speed is constant, the negative d-axis current
is required to satisfy the voltage condition of (5), as shown
in Fig. 2. This reduces the efficiency of SPMSM as a result
of increased copper loss [12].

Fig. 4 shows the phasor diagram of the stator voltage and
current vectors in the case of the MTPA control. Although
the load torque varies, the d-axis current maintains zero
value as the magnitude of Es varies. Fig. 5 shows simulation
results of the d-q axis stator currents when the SPMSM is
operated with the v/f constant stator flux control and the
MTPA control. The rotor speed in this simulation is fixed
at a rated speed of 1,500 [r/min] and the load torque is
increased from 0 [N · m] to the full load, that is, 16 [N · m].

FIGURE 4. Phasor diagram of MTPA control for SPMSM in a steady state.

FIGURE 5. d-q axis current in the current plane under the constant stator
flux linkage control (v/f) and the MTPA control for SPMSM.

FIGURE 6. Stator voltage magnitude at different load torque and the
fixed speed 1,500 [r/min] conditions under the constant stator flux
linkage control (v/f) and the MTPA control.

The machine parameters are listed in Table 1. The red dots
represent the d-q axis currents under the constant stator flux
linkage control, which is the conventional v/f control method.
As the load torque increases, the magnitude of negative d-
axis current gradually increases, resulting in a decrease in the
motor efficiency [12]. The blue dots represent the d-q axis
currents with the MTPA control. The d-axis current remains
zero as the load torque increases, and the magnitude of the
stator current with the MTPA control is less than that with
the constant flux linkage control. Fig. 6 shows the simulation
results of the stator voltage magnitudes with the same condi-
tions as in Fig. 5. The red and blue dots represent the stator
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TABLE 1. Test SPMSM parameters.

voltage magnitudes with the constant stator flux control and
the MTPA control, respectively. The simulation results show
that the MTPA control can be achieved by adjusting the stator
voltage magnitude in the v/f controlled drives.

In this study, we propose the adjustment of the stator
voltage magnitude to achieve the MTPA control for v/f scalar
controlled SPMSM drives, which can maintain the minimum
stator current at all operating conditions.

III. PROPOSED MTPA METHOD FOR
SCALAR-CONTROLLED SPMSM DRIVES
As awell-known theoretical basis, the electromagnetic torque
generated by an SPMSM is given as follows [15].

Te =
3
2
P
2
λf irq (6)

where P is the pole number of the rotor. The generated torque
is only proportional to the q-axis stator current because there
is no saliency in the rotor of the SPMSM. Thus, the MTPA
operation can be achieved at a zero d-axis stator current.
In the vector control method, the d-q axis stator currents
are directly controlled using the d-q axis current regulators
as well as by knowing the rotor position through the speed
and position sensor or the sensorless algorithm. However,
the rotor position is not known in the v/f control method.
Hence, an alternative method that does not need the informa-
tion of the rotor position for implementing the MTPA control
is required.

A. BASIC CONCEPT OF THE PROPOSED METHOD
Fig. 7 shows the torque variation by the current vector angle
perturbation at different operating points. When the MTPA
control is implemented, the current vector is aligned with the
q-axis in the rotor reference frame and the torque variation by
the current vector angle perturbation is always zero as shown
in Fig. 7. The differentiation of the electric torquewith respect
to the current angle is written as

∂Te
∂θ

∣∣∣∣
θMTPA

=
3P
4
λf Is cos θMTPA = 0 (7)

FIGURE 7. Constant torque by stator current in the current plane, and the
torque variation caused by the current vector angle perturbation.

where θMTPA, which is π /2 [rad], is the MTPA angle for
the SPMSM in the rotor reference frame. The basic concept
of this proposed method is tracking the point where the
differential of the torque becomes zero while regulating the
stator voltage magnitude. Then, the MTPA control can be
implemented without the information of the rotor position
angle in the v/f control method.

FIGURE 8. Phasor diagram of the injected high frequency voltage and the
induced current in the S-T axis synchronous reference frame.

B. HIGH FREQUENCY VOLTAGE INJECTION
To find the MTPA angle θMTPA that satisfies (7), high fre-
quency voltage is injected to generate the perturbation of
the current vector angle. Fig. 8 shows the phasor diagram of
the injected voltage and the induced current in the S-T axis
current vector synchronous reference frame, where the S-axis
is aligned with the stator current vector. The high frequency
voltage equation of the SPMSM in the S-T axis reference
frame can be written as follows [12], [16]–[18].[

veSh
veTh

]
=

[
rsh + pLsh −ωeLsh
ωeLsh rsh + pLsh

] [
ieSh
ieTh

]
(8)

where veSh, v
e
Th, and i

e
Sh, i

e
Th are the high frequency compo-

nents of the stator voltage and the stator current. rsh and Lsh
are the stator resistance and inductance at the injected high
frequency, respectively. Assuming that the injected voltage
frequency is sufficiently high, the reactance is significantly
larger than the resistance, and for simplification, we consider
the resistance voltage drop terms to be negligible. However,
the decoupling term cannot be neglected because of the high
speed condition that ωe is close to the injected voltage fre-
quency ωh. Then, the voltage equation (8) can be simplified
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and expressed with ωh in a steady state as[
veSh
veTh

]
=

[
jωhLsh −ωeLsh
ωeLsh jωhLsh

] [
ieSh
ieTh

]
. (9)

This method aims to generate the high frequency current Ih
orthogonal to the current vector Is as shown in Figs. 7 and 8.
To generate only the T -axis high frequency current compo-
nent, the injected high frequency voltage commands can be
calculated as

ve∗Sh = −ω0Lsh1Is sinωht

ve∗Th = ωhLsh1Is cosωht (10)

where 1Is is the expected amplitude of the induced high
frequency current Ih. In this study, we fix 1Is to be 0.2 [A],
considering the rated current of the machine, the amplitude
of the high frequency voltage, the additional copper loss, and
the oscillation torque by the injected voltage. By injecting the
high frequency voltages of (10), the high frequency current
can be generated only in the T -axis, and then the resulting
S-T axis currents are expressed as

ieS = I eS + i
e
Sh = Is

ieT = I eT + i
e
Th = 1Is sinωht. (11)

Here, the current vector Is in the S-axis is generated by the
voltage vector Vs, and the high frequency current 1Issin ωht
in the T -axis is induced by the high frequency voltage Vh as
in Fig. 8.

The inverter system requires the voltage commands in
the stationary reference frame. Therefore, the S-T axis syn-
chronous reference frame of (10) is transformed to the α-β
axis stationary reference frame, as follows:

v∗αh = −ω0Lsh1Is sinωht cos θ sI − ωhLsh1Is cosωht sin θ
s
I

v∗βh = −ω0Lsh1Is sinωht sin θ sI + ωhLsh1Is cosωht cos θ
s
I

(12)

where v∗αh, v
∗
βh, and θ

s
I are the high frequency voltage com-

mands and the current vector angle in the stationary reference
frame, respectively. This transformation requires the current
vector angle in the stationary reference frame.

FIGURE 9. Filtered angle estimation of the current vector in the stationary
reference frame.

Fig. 9 shows the block diagram to calculate the current vec-
tor angle θ sI . The current vector angle can be calculated using
two-phase stator currents measured with the current sen-
sors. However, the injected high frequency voltage from (12)
and the frequency modulation signal of the stabilizing loop
in Fig. 3 cause current vector phase oscillation. To track the
correct MTPA angle θMTPA as in Fig. 7, the high frequency
voltages should be injected in the current vector reference
frame after the oscillation term is eliminated. The PI-type

state filter is used to filter out the current vector phase oscil-
lation. The transfer function of the state filter is described by

θ̃ sI

θ sI
=

Kps+ KI
s2 + KPs+ KI

. (13)

FIGURE 10. Current vector angle in the stationary reference frame and
the d-q axis current in the rotor reference frame using (a) the unfiltered
current vector angle and (b) the filtered current vector angle.

The PI gains are set to place all closed-loop eigenvalues at
100 [rad/s], which is considerably lower than the injected
voltage frequency. Figs. 10(a) and (b) show each of the sim-
ulation results when the unfiltered current angle θ sI and the
filtered current angle θ̃ sI are used in (12). In this simulation,
the injected voltage frequency is set to 800 [Hz] and the
amplitude of the induced high frequency current is set to
0.5 [A]. This is to clearly show the difference between the
two conditions. The machine parameters listed in Table 1 are
used and the machine is controlled to operate at the MTPA
point. In Fig. 10(a), when the unfiltered current vector angle
θ sI is used, the q-axis current includes the small oscillation
component. This is not the desired result because the high
frequency current is not orthogonal to the q-axis. By contrast,
in Fig. 10(b), the filtered current vector angle θ̃ sI is used, so the
high frequency current is only induced in the d-axis current.
Then, the high frequency current is orthogonal to the current
vector Is as shown in Fig. 7. Fig. 11 shows the block diagram
for calculating the high frequency voltage commands in the
stationary reference frame. It requires only the filtered current
vector angle and stator inductance and not the rotor position
information.

FIGURE 11. Calculation of the high frequency voltage command in the
stationary reference frame.
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C. STATOR VOLTAGE ADJUSTMENT FOR MTPA OPERATION
This MTPAmethod adjusts only the stator voltage magnitude
based on the processed input power while injecting high-
frequency voltage. This section describes the procedure for
obtaining the processed input power and the relationship
between the processed input power and the MTPA angle.

The electric input power consists of the copper loss, reac-
tive power, and mechanical power [12]. The copper loss
occurs in stator winding, and it is expressed in terms of the
stator resistance and stator current as follows:

Pcopper =
3
2
rsI2s . (14)

To consider the effect of the injected high-frequency signal,
the copper loss can be rewritten with the S-T axis currents by
substituting (11) into (14); thus:

Pcopper =
3
2
rs
(
ie2S + i

e2
T

)
=

3
2
rs

(
I2s +

1
2
1I2s −

1I2s
2

cos 2ωht
)
. (15)

The copper loss consists of twoDC components and the high-
frequency component, which is twice as high as the injected
voltage frequency. The additional copper loss caused by the
high frequency current can be neglected because1Is is small
enough [12].

Similarly, the reactive power can be expressed with the S-T
axis currents as

Preactive =
3
2
Ls

(
dieS
dt
ieS +

dieT
dt

ieT

)
=

3
4
Lsωh1I2s sin 2ωht.

(16)

The frequency of the reactive power is twice faster than one
of the injected voltage.

The last term of the electrical input power is themechanical
power proportional to the q-axis current as derived in (6) and
it can be expressed as:

Pmech =
3
2
ωrλf irq =

3
2
ωrλf

(
ieS sin θ

r
I + i

e
T cos θ rI

)
=

3
2
ωrλf

(
Is sin θ rI +1Is cos θ

r
I sinωht

)
(17)

where θ rI is the current vector angle in the synchronous
rotor reference frame. The proposed method does not use
this angle, which can be calculated with the rotor position
information, for implementing the MTPA control. It is only
introduced to show how the MTPA point can be estimated
using the input power. The mechanical power Pmech con-
sists of the DC and AC components. Notably, the mechan-
ical power includes the current vector angle information θ rI
and the frequency of the AC component is the same as one
of the high frequency voltage. When the machine operates at
the MTPA point, the current vector angle θ rI is π /2 [rad.] and
the AC component becomes zero. From this result, the MTPA
control can be implemented by regulating the AC component
extracted from (17). In addition, the torque oscillation caused

FIGURE 12. Signal processing of the input power, and the flux linkage
constant adjustment for MTPA operation.

by the injected voltage becomes zero when theMTPA control
is achieved.

Fig. 12 shows the signal process to extract only the AC
component of (17). First, passing the input power Pinput
through the band-pass filter (BPF), whose center frequency is
set to the injected frequency ωh, the other frequency compo-
nents in (15), (16), and (17) are filtered out and the following
component is extracted as follows:

PBPF =
3
2
ωrλf1Is cos θ rI sinωht. (18)

Next, PBPF is multiplied with the injected high frequency
signal. The modulated input power Pm is obtained and it
consists of the DC term and the oscillation term as follows.

Pm =
3
4
ωrλf1Is cos θ rI −

3
4
ωrλf1Is cos θ rI cos 2ωht. (19)

Pm passes through the low-pass filter (LPF) to filter out
the second term of (19). The cutoff frequency of the LPF
is chosen to be considerably lower than the injected signal
frequency ωh. The resultant input power is expressed as

Po =
3
4
ωrλf1Is cos θ rI . (20)

When the current vector angle θ rI is π /2 [rad.], the resultant
input power Po becomes zero. In other words, by controlling
the resultant input power to be zero, the current vector can be
aligned with the q-axis in the rotor reference frame and the
MTPA operation for SPMSM can be implemented in the v/f
control without the information on the rotor position angle.
The PI regulator in Fig. 12 is used to make the resultant input
power Po be zero. The output of the PI regulator is the com-
pensation term1λf used to adjust the voltage command. This
work adjusts the flux linkage constant λf instead of the stator
voltage command V ∗s because it results in the convergence
time to the MTPA points being less sensitive to the operating
speed and torque conditions. The stator voltage command
from (3) is modified to include the compensation term 1λf
generated from the PI regulator as follows:

V ∗s = ω0
(
λf +1λf

)
= ω0λ

∗
f (21)

where λ∗f is the flux reference.
Fig. 13 shows the proposed complete drive scheme for the

MTPA control of the SPMSM controlled by the v/f control
method. The dotted block indicates the proposed method.

D. PARAMETER SENSITIVITY
While implementing the proposed MTPA control method,
the stator resistance, the stator inductance, and the perma-
nent magnet flux linkage can be varied by factors such as
stator current and temperature [2], [13], [19]–[22]. Therefore,
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FIGURE 13. Complete drive scheme with the proposed MTPA control
strategy.

the effects of the machine parameter errors are analyzed in
this section.

First, the resistance voltage drop term in (8) can be
neglected because the reactance is considerably larger than
the resistance in terms of high-frequency components. There-
fore, the high frequency voltage commands from (10) and the
induced high-frequency currents from (11) are not affected
by the stator resistance error. In addition, the stator resistance
value is not used in this proposed method as shown in Fig. 13.

Next, the effect of the stator inductance error is analyzed.
Equation (9) can be rewritten in the form of a differential
equation for the S-T axis high-frequency currents as follows.

p
[
ieSh
ieTh

]
=

[
0 ωe
−ωe 0

] [
ieSh
ieTh

]
+

1
Lsh

[
ve∗Sh
ve∗Th

]
. (22)

Here, the high frequency voltage commands can be deter-
mined from (10), with the inductance error as in the following
equations:

ve∗Sh = −ω0 (Lsh +1Lsh)1Is sinωht

ve∗Th = ωh (Lsh +1Lsh)1Is cosωht (23)

where 1Lsh is the stator inductance error. By substituting
(23) into (22), the resulted high frequency currents become

ieSh = 0

ieTh =
(
1+

1Lsh
Lsh

)
1Is sinωht. (24)

From (11) and (24), the stator inductance error affects
only the amplitude of the induced high frequency current.
Fig. 14 shows the simulation result when the high frequency
voltage command has the stator inductance error. The rotor
speed in this simulation is fixed at 1,500 [r/min], the ampli-
tude of the induced high frequency current is set to be 0.5 [A],
and the machine is controlled to operate at the MTPA point.
In this simulation, the stator inductance is intentionally varied
from 1 p.u. via 0.5 p.u. to 2 p.u. to observe the parameter
sensitivity of the proposed method. As expected from (24),
the amplitude of the high frequency current is proportionally
varied with respect to the stator inductance error. The ampli-
tude of the modulated input power Pm is also proportionally
varied, but maintaining an average value of zero. From (19),
the zero average value of Pm indicates that the current vector

FIGURE 14. Simulation result for the parameter sensitivity check in case
the high frequency voltage command has the stator inductance error.

angle θ rI is π /2 [rad]. This simulation result verifies that the
performance of the proposedMTPA control is not affected by
the stator inductance error.

Finally, the permanent magnet flux linkage is used to
calculate the voltage command in this v/f scalar control.
From (21), the permanent magnet flux linkage λf is adjusted
with the compensation term 1λf to achieve the MTPA con-
trol. Therefore, the permanent magnet flux error or variation
only affects the value of 1λf and does not affect the steady-
state performance of this MTPA control. As a result, the
proposed method ensures the MTPA tracking performance
even if the machine parameters have errors.

FIGURE 15. Dynamo set configuration for the experimental test.

IV. EXPERIMENTAL RESULTS
The experimental verification of the proposed MTPA control
was conducted on a 3 kW SPMSM, whose parameters are
listed in Table 1. Fig. 15 shows the photograph of the exper-
imental set, where a servo motor is coupled to the test motor
as a load machine, and an encoder is used to monitor solely
the d-axis current to validate the MTPA operation. The high
frequency voltage commands were determined from (10) to
achieve an induced current of 0.2 [A]. The frequency of the
injected signal was chosen to be 800 [Hz], with consideration
of the switching frequency and voltage margin of the inverter.

As shown in Figs. 16(a) and (b), the flux reference λ∗f
from (21) was varied manually within the range of the opti-
mal value for the MTPA operation, at a fixed rotor speed
of 1,500 [r/min]. In Fig. 16(a), a half-load condition of
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FIGURE 16. Experimental results: the flux reference (yellow line),
the resultant input power (green line) for tracking MTPA points, the phase
current magnitude (violet line), and the d-axis current (cyan line) at
(a) 1,500 [r/min], half-load condition of 8 [N · m] and (b) 1,500 [r/min],
full-load condition of 16 [N · m].

approximately 8 [N · m] was applied to the machine and
the flux reference sweep was performed within the left-half
region of the plot.

In the right-half region of the plot, the proposed method
started tracking the MTPA point. First, the high frequency
voltage was injected to generate the resultant input power Po.
After the flux adjustment control was enabled, the operating
point moved to the MTPA point by the flux reference adjust-
ment term generated from the PI regulator shown in Fig. 12.
The MTPA operation can be confirmed by the minimized
phase current magnitude (violet line) and the zero d-axis
current (cyan line). Fig. 16(b) shows the experimental result
at a full-load condition of approximately 16 [N · m]. In this
experiment, the optimal flux reference value was different
from that of Fig. 16(a). The phase current was minimized
and the d-axis current became zero after the proposed MTPA
control was enabled.

Fig. 17 shows the MTPA tracking performance with
varying load torque. In the left-half region of the plot,
the flux reference (green line) was fixed to the value listed
in Table 1 and the load torque (yellow line) was varied from

FIGURE 17. Experimental results: the load torque (yellow line), flux
reference (green line), resultant power (violet line) for tracking MTPA
points, and d-axis current (cyan line) at 1,500 [r/min].

0 [N · m] to 16 [N · m]. The rotor speed was fixed at
1,500 [r/min]. The d-axis current showed a negative value
in the whole load range, and it gradually increased as the
load torque increased. This d-axis current does not contribute
to the electric torque but only causes additional copper loss
in the stator windings. In the right-half region of the plot,
the proposed method was applied and the flux reference was
adjusted on the basis of the resultant input power obtained
from the voltage injection and the signal processing. The
flux reference (green line) was adjusted as the load torque
varied. Consequently, the d-axis current remained almost
zero. As a result, this proposed method could achieve the
MTPA operation in the whole load range by adjusting the flux
reference.

FIGURE 18. Experimental results: the high frequency injection voltage
(yellow line), stator command voltage (green line), resultant power (violet
line) for tracking MTPA points, and d-axis current (cyan line) at
1,500 [r/min].

The experimental result in Fig. 18 verifies that the pro-
posed method can maintain the MTPA operation with the
adjusted magnitude of the stator voltage command even after
the high frequency injection and the MTPA controller are
disabled. Therefore, this method suggests enabling theMTPA
tracking algorithm for several seconds periodically or after

VOLUME 8, 2020 96043



K. Lee, Y. Han: MTPA Control Strategy Based on Signal Injection

when the speed command is changed or the magnitude of the
stator current is considerably varied. This experimental result
also shows that the amplitude of high frequency voltage to
induce a high-frequency current of 0.2 [A]was approximately
6 [V] at the rated speed, which corresponds to the worst case.

V. CONCLUSION
This study proposed a new MTPA control method that is
applicable for v/f scalar-controlled SPMSMs. The lack of
knowledge of the rotor position is one of the most chal-
lenging problems in the scalar control method. This method
can successfully track the MTPA operating points and min-
imize the stator current without the information of the rotor
position. This method injects high-frequency voltage in the
current vector frame, which is calculated from the measured
phase currents, instead of the rotor reference frame. In addi-
tion, only the magnitude of the stator voltage is regulated
to achieve the MTPA control based on the calculated input
power. Finally, the robustness to the machine parameters was
analyzed and the performance of the proposedMTPAmethod
for scalar-controlled SPMSMs was verified using simulation
and experimental results.
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