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ABSTRACT In permanent magnet motors, the stator resistance and magnetic flux of the magnet change as
the temperature increases. These changes result in a change in the maximum torque point per unit ampere
(MTPA) of the motor. Without adequate compensation, this leads to a decrease in output torque. For this
reason, look-up table (LUTs) are prepared over the temperature range and used for interpolation. This paper
proposes a method to compensate for the output torque reduction due to a temperature increase using only a
single LUT prepared at a base temperature. First, an estimation of the magnetic flux linkage and the output
torque using a single LUT is performed. Second, the problem is modeled as a limited optimization problem
to minimize the loss due to the torque reduction. The magnetic flux linkage and output torque are calculated
in real time through the fundamental active power. The compensation value is calculated using the Lagrange
multiplier method, an optimization technique, using the estimated magnetic flux linkage and output torque.
The proposed method is verified by comparing it with other algorithms through simulation and experiment.

INDEX TERMS IPMSM, permanent magnet motor, active power, reactive power, torque compensation,
Lagrange multiplier method, torque control.

I. INTRODUCTION
In addition to structural stability, IPMSMs are used in various
industrial fields due to their high efficiency and power density
due to additional reluctance torque. The torque equation of
the IPMSM involves the magnetic flux, current, and induc-
tance and is expressed as Equation (1). If the magnetic flux
φf and inductances Ld and Lq are constant, the minimum
currents Id and Iq satisfying the torque can be determined
through analytical methods [1]. These set currents are called
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the maximum torque point per unit ampere (MTPA).

Te =
3
2
NP
2

{φf Iq + (Ld − Lq)Id Iq} (1)

However, in Equation (1), φf , Ld and Lq are functions of tem-
perature, and the motors used in harsh thermal environments,
such as vehicle traction motors, occur parameter fluctuations
due to temperature changes [2], [3], [4]. Since the MTPA
calculation method using the analytical technique considers
the parameters as constants, it does not reflect the fluctuations
in operating points due to parameter changes with temper-
ature. To overcome these limitations, a method of directly
estimating and replacing parameters has been studied [5].
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Reference [5] conducted real-time parameter estimation to
compensate the output torque and proposed a method that
combines the steepest descent technique to find the minimum
value numerically and the affine projection technique, a type
of adaptive filter.

In addition, methods employing mathematical models of
IPMSMs such as [6] and [7] were proposed.

Reference [6] proposed a real-time parameter estimation
through high-frequency injection based on the Levenberg-
Marquardt method, and [7] proposed a method to find the
optimal solution through numerical analysis methods such as
Ferrari’s method.

In the case of [5], [6], and [7], parameter estimation
through additional observers or high-frequency injection was
required. Here, the control performance is influenced by the
observer’s performance, and high-frequency injection causes
voltage limitations, torque ripple, and additional losses.

In addition, there is a disadvantage that complex algorithms
require substantial computational time. Moreover, precise
parameter estimation through an observer is difficult due
to various reasons such as magnetic saturation and cross
coupling effects [4], [16].

Therefore, experiments mainly involve a method of cre-
ating an LUT for each temperature and then performing
interpolation [8].

However, many experiments must be conducted to create
an LUT for each temperature, resulting in time and material
resource consumption. For this reason, [9] compensated for
torque reduction caused by temperature changes of a motor
based on a single LUT.

In [9], a torque command compensation technique using
the change in the size of BEMF due to the change in mag-
netic flux was proposed by creating a LUT at intermediate
temperature. Main idea of this is based on the change in the
size of BEMF due to the change in magnetic flux. However,
if the torque command is compensated only by the magnitude
of the BEMF without considering the variation in parameter,
an additional loss occurs because the LUT at intermediate
temperature does not have information on the optimal oper-
ating point at the changed temperature.

The present proposes a method to compensate a current
command using a single LUT created at a base temperature to
move to an optimal driving point to overcome aforementioned
limitations. This process is summarized as follows.

1) Development of an IPMSM model reflecting param-
eter changes according to temperature increase. The
flux linkage and output torque are estimated using
a single LUT.

2) Calculation of the compensation current command
value using the Lagrange multiplier method along with
the estimated flux linkage and output torque

This paper consists of five sections organized as follows.
Section II analyzes the changes in motor parameters due to
temperature increases and proposes a new IPMSM model
that reflects these increases. Section III proposes a new esti-
mation method for the flux linkage and output torque using

the proposed IPMSM model and fundamental active power.
The estimated flux linkage is verified using fundamental the
reactive power, which eliminates the effects of the stator resis-
tance. Section IV presents a method of calculating the com-
pensation current command value by applying the Lagrange
multiplier method to the estimated flux linkage and output
torque. Finally, the proposed method is validated through
simulations and experiments.

II. TEMPERATURE-DRIVEN PARAMETER CHANGES AND
A NEW IPMSM MODEL
The motor is used to apply current to the stator to generate
torque. However, applying current to the stator causes loss
due to the stator resistance, which inevitably increases the
motor temperature.

This section analyzes temperature-driven changes in the
motor parameters and proposes a new IPMSM model that
reflects these changes.

A. CHANGE IN THE STATOR RESISTANCE
The resistance is determined based on the resistivity, length,
and cross-sectional area. However, the resistivity varies with
temperature, causing the resistance to fluctuate as well.

TABLE 1. Resistance temperature coefficients of metals.

FIGURE 1. Change in resistance with temperature.

The rate of change in the resistivity according to tem-
perature is called αR, the resistance temperature coefficient,
and a typical metal conductor has a positive temperature
coefficient, as shown in Table 1. Thus, the resistance of the
stator winding RS can be expressed as a function of tempera-
ture, as shown in Equation (2). 1T represents the difference
between the current temperature and the base temperature.

RS (1T ) = RS{1 + αR(THigh − TBase)} (2)
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B. CHANGE IN THE MAGNETIC FLUX OF PERMANENT
MAGNET [13], [15], [16], [18]
The residual magnetic flux density of the permanent magnet
decreases with increasing temperature. The rate of change
in the residual magnetic flux according to temperature the
increase is called the magnetic flux temperature coefficient
αmagnet ; magnetic flux temperature coefficients of Nd-series
magnets are shown in Table 2.

TABLE 2. Flux temperature coefficients of Nd-series magnets.

FIGURE 2. Experimental results of the magnetic flux dependence on
temperature.

Therefore, according to the temperature increase, the mag-
netic flux density Br and the magnetic flux φf can be
expressed as functions of temperature:

Br (1T ) = Br (TBase)[1 + αmagnet (
THigh − TBase

100
)] (3)

φf (1T ) =

∮
Br (1T ) · ds (4)

Fig.2 confirms the decrease in the magnetic flux due a
temperature increase in an experimental motor.

After being sufficiently saturated with a chiller in the
phase-open state, the target motor used in the experiment is
driven at a constant speed of 1000 rpm using a load motor,
representing the magnetic flux calculated through a line-to-
line voltage measurement. The magnetic flux temperature
coefficient A calculated through the experiment is approx-
imately −0.103%/◦C, which is close to the usual value of
NdFeB shown in Table 2.

C. CHANGE IN THE INDUCTANCE [3]

λabc = LabcIabc + φfabc, where

Labc =

 Laa Lab Lac
Lba Lbb Lbc
Lca Lcb Lcc

 (5)

The IPMSMflux linkage can be expressed as an inductance
matrix as shown in Equation (5).

The IPMSM inductancematrix consists of the self-inductance
and mutual inductance, as shown in Equation (6).

Laa = Lls + Lma = Lls + LA − LB cos 2θr

Lab = Lba = −
1
2
LA − LB cos 2(θr −

π

3
) (6)

In addition, the inductance can be expressed as a reluc-
tance ℜ and the number of turns N based on the magnetic
force F [11]. Since the number of turns of the stator winding
does not change, the inductance is determined by the reluc-
tance as shown in Equation (7).

L =
N 2

ℜ
(7)

The magnetic path of the IPMSM consists of the core, air
gap, and permanent magnet, and each transmission medium
has a different permeability. The reluctance is determined by
the length l, permeability µ, and cross-sectional area S as
shown in Equation (8).

ℜ =
l

µTotal · S
µTotal = µAir (1 + µCore + µmagnet ) (8)

Assuming that there is no change in the effective length and
effective cross-sectional area of the magnetic path according
to the temperature rise in Equation (8), and no change in the
relative permeability of the core and air gap, the reluctance
is determined by the relative permeability of the permanent
magnet.

Since the relative permeability of a permanent magnet is
determined by the rate of change in the relative permeability
αµ according to temperature, as shown in Equation (9), the
reluctance can be expressed as a function of temperature.

µmagnet (1T ) = µmagnet (TBase)[1 + αµ(THigh − TBase)] (9)

The inductance matrix reflecting the change in reluctance
due to the change in temperature is shown in Equation (10).
This means that the inductance is a function of temperature.

Laa = Lls +
N 2

ℜA(1T )
−

N 2

ℜB(1T )
cos 2θr

Lab = −
1
2

N 2

ℜA(1T )
−

N 2

ℜB(1T )
cos 2(θr −

π

3
) (10)

However, this inductance analysis is inappropriate for use
as a general inductance equation because it is difficult to
reflect the effective length and effective cross-sectional area
that change depending on the shape of the rotor and stator.
In addition, considering that the volume of the core increases
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FIGURE 3. Experimental results of the flux linkage change with temperature.

according to the temperature change, and the effective length
may also change accordingly, it is considered that there is
a limit to calculating the change in inductance due to the
temperature increase in real time and using this value for
control.

D. IPMSM MODEL CONSIDERING TEMPERATURE
CHANGES
The voltage equation state of a traditional IPMSM [1] is:

Vd = RS Id − ωeLqIq = RS Id − ωeλq

Vq = RS Iq + ωe(Ld Id + φf ) = RS Iq + ωeλd (11)

The current command of the MTPA region calculated
through the numerical analysis method [1] using the tradi-
tional IPMSM steady-state voltage equation is calculated as
follows:

Id =
φf

4(Lq − Ld )
−

√
φ2
f

16(Lq − Ld )2
+
I2S
2

Iq =

√
I2S − I2d (12)

However, the above method is not an accurate current
command, assuming the inductance and the magnetic flux of
the permanent magnet as constants and considering the non-
linearity of the inductance and the effect of the temperature
rise analyzed earlier.

Therefore, accurate estimation of the inductance of the
motor and the magnetic flux of the permanent magnet is
required to compensate for the torque reduced by the increase
in temperature through the traditional method.

To address this problem, methods have been proposed
to estimate parameters such as inductance and permanent
magnet flux in real time and substitute them for the above
Equation (12).

However, this method depends on the torque control per-
formance by the performance of the observer and also has
the disadvantage of requiring substantial execution time.

Therefore, based on the previous analysis, we propose a new
IPMSM model that can reflect temperature-driven parameter
changes without the application of the observer or additional
high-frequency signal injection.

Based on the parameter change analyzed in this section,
it is confirmed that RS , λd , and λq are functions of temper-
ature. Fig.3 shows the result of confirming the change in
d-q axial flux linkage according to the temperature of the
experimental IPMSM.

Based on this confirmation, a new IPMSM steady-
state model reflecting the temperature changes is proposed,
as described in Equation (13).
RStemp is a component of the variation in the stator resis-

tance according to the temperature, λdtemp and λqtemp are
the variations in Ldtemp and Lqtemp, respectively, and the flux
φftemp is due to a change in temperature.

Vd = (RS + RStemp)Id − ωe(LqIq + LqtempIq)

= (RS + RStemp)Id − ωe(λq + λqtemp)

Vq = (RS + RStemp)Iq
+ ωe{(Ld Id + φf ) + (LdtempId + φftemp)}

= (RS + RStemp)Iq + ωe(λd + λdtemp) (13)

The proposed model is used in the process of calculating
the optimal current command for torque compensation, which
is the final goal of this paper, as introduced in Section III.

III. ESTIMATION OF THE FLUX LINKAGE THROUGH
ACTIVE AND REACTIVE POWER
Since the iron loss is modeled [10] as a higher-order polyno-
mial, real-time estimation is difficult.

In addition, since iron loss modeling depends on operating
conditions and test environments, it is practically impossible
to estimate the copper loss and iron loss and use those values
for compensation. Therefore, in this paper, we focus on com-
pensating for the error between the effective power calculated
through the LUT developed at the base temperature and the
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effective power calculated in real time by considering the total
loss.

A. DEFINITION OF THE LOSS RESISTANCE THROUGH
ACTIVE POWER
The active and reactive power of the IPMSM can be defined
through the IPMSM phasor diagram shown in Fig.4. The
active power is used to calculate a loss resistance introduced
later, and the reactive power is used to verify the validity
after estimating the flux linkage through the calculated loss
resistance.

FIGURE 4. Phasor diagram.

The active power PTotal of the IPMSM is represented by
Equation (14).

PTotal = VS IS cos(φ + δ)

= VS IS (cosφ cos δ − sinφ sin δ)

= VS (Iq cos δ + Id sin δ) =
3
2
(VqIq + Vd Id ) (14)

Then, Equation (15) can be obtained by substituting Equa-
tion (11), the steady-state equation of the traditional IPMSM,
into Equation (14).

PTotal =
3
2
(VqIq + Vd Id )

=
3
2
{RS (I2d + I2q ) + ωe(λd Iq − λqId )} (15)

Substituting Equation (13) of the IPMSM, reflecting the
temperature change proposed in Section II, into Equation (14)
results in the following expression:

PTotal =
3
2
(VqIq + Vd Id )

=
3
2
{RS (I2d +I2q )+ωe(λd Iq − λqId )+RStemp(I2d + I2q )

+ ωe(λdtempIq − λqtempId )} (16)

This shows that the decrease in the output power torque
is caused by the fluctuating components λdtemp and λqtemp of
the flux linkage in accordance with the temperature change,
and in this paper, this decrease is regarded as a loss due to the
temperature change. In the absence of a change in the motor
temperature, the output torque Te is the same as the torque
command T ∗

e based on the LUT at the base temperature,
so the mechanical output can be expressed as follows:

Pmechanical =
3
2
ωe(λd Iq − λqId ) = ωmT ∗

e (17)

Thus, the loss can be expressed as follows by separating the
mechanical output from the total active power.

PLoss = PTotal − Pmechanical (18)

Even if a parameter changes according to an increase in
temperature, the size of a current command by the LUT does
not change, so a loss may be equivalent to a voltage drop by
resistanceRLoss, and this paper defines this resistance as a loss
resistance.

The equation representing the loss as the loss resistance
and current is as follows:

PLoss

=
3
2
(RS (I2d +I2q )+RStemp(I

2
d +I2q )+ωe(λdtempIq−λqtempId ))

=
3
2
(RS (I2d +I2q )+RStemp(I

2
d +I2q )+(VλtempIq + VλtempId ))

=
3
2
(RS (I2d +I2q )+RStemp(I

2
d +I2q ) + (RλtempI2q + RλtempI2d ))

=
3
2
(RS (I2d + I2q ) + RStemp(I2d + I2q ) + Rλtemp(I2d + I2q ))

= RLossI2S (where, RLoss = RS + RStemp + Rλtemp) (19)

In the above equation, RStemp represents the stator resistance
fluctuation according to the temperature rise, and Rλtemp rep-
resents the loss equivalent resistance due to the fluctuation
of the flux linkage due to that temperature rise. The loss
resistance can be calculated in real time by excluding the
mechanical output from the active power, as shown below:

RLoss =
PTotal − Pmechanical

I2S
=

3
2 (VqIq + Vd Id ) − ωmT ∗

e

I2S
(20)

B. ESTIMATION OF THE FLUX LINKAGE BASED ON THE
LOSS RESISTANCE
Fig.5 shows the voltage drop due to the loss resistance of
IPMSM at steady state using a vector diagram. Based on

FIGURE 5. Vector diagram of the IPMSM steady state [19].
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this diagram, only the voltages Vλd and Vλq contribute to
the generation of the flux linkage, excluding the voltage
drop caused by the loss resistance. Accordingly, the voltage
generating the flux linkage can be expressed as:

Vλ =

√
(V 2

λd + V 2
λq) (21)

where Vλd and Vλq are:

Vλd = Vd − RLossId
Vλq = Vq − RLossIq (22)

Based on Equations (20)-(22), λd and λq can be estimated
using the magnitude of the flux linkage λS and angle α. Since
only the voltage excluding the voltage drop due to loss from
the total voltage contributes to the generation of the flux
linkage, λS and the angle α are expressed as:

λS =

√
(V 2

λd + V 2
λq)

ωe
, α = arctan(

Vλd

Vλq
) (23)

Therefore, the estimated d-q axis flux linkages λdEst and
λqEst are:

λdEst = λd + λdtemp = λs cosα

λqEst = λq + λqtemp = λs sinα (24)

C. VERIFICATION OF THE FLUX LINKAGE ESTIMATION
THROUGH THE REACTIVE POWER
The flux linkage estimated through the active power may be
verified through the reactive power. From Fig.4, the reactive
powerQTotal of the IPMSM is represented by Equations (25).

QTotal = VS IS sin(φ + δ)

= VS IS (sinφ cos δ + cosφ sin δ)

= VS (Id cos δ + Iq sin δ) =
3
2
(VqId − Vd Iq) (25)

Substituting Equation (13) related to the proposed voltage
into Equation (25) yields:

QTotal =
3
2
(VqId − Vd Iq)

=
3
2
{(RS + RStemp)IqId + ωe(λd + λdtemp)Id

− (RS + RStemp)Id Iq + ωe(λq + λqtemp)Iq}

=
3
2
ωe{(λd + λdtemp)Id + (λq + λqtemp)Iq} (26)

Through Equation (26), it can be confirmed that the loss due
to stator resistance is not reflected in the reactive power and
consists of the flux linkages. The reactive power calculated
using the voltage is QCal , the reactive power calculated using
the estimated flux linkage is QEst , and the error QErr can be
defined as the difference between QCal and QEst :

QCal =
3
2
(VqId − Vd Iq)

QEst =
3
2
ωe(λdEst Id + λqEst Iq) (27)

If QErr calculated with Equation (27) is small, the estimated
result can be determined to be reasonable.

IV. CALCULATION OF THE COMPENSATION CURRENT
THROUGH THE LAGRANGE MULTIPLIER METHOD
The impact of a temperature change on the torque curve
and MTPA is presented in Fig.6 based on the analysis in
Section II. Te(High) and Te(Low) represent the same torque
line [12], [17].

FIGURE 6. Operating point change as influenced by temperature.

In this section, a method for moving to the optimal operat-
ing point is proposed using the flux linkage and the estimated
torque calculated through the loss resistance proposed in the
previous section. The proposed method consists of the fol-
lowing steps: Firstly, Lagrange multiplier method is applied
to the mathematical model of IPMSM to derive an equation
for the optimal operating point. This equation is comprised
of the flux linkage and the estimated torque. Then, the cal-
culated flux linkage and estimated torque obtained through
the loss resistance are substituted into the derived equation.
Subsequently, the movement from the current operating point

FIGURE 7. Application of Lagrange method in the d-q coordinate system.
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FIGURE 8. The d-q axis current for torque error compensation.

FIGURE 9. Block diagram of the proposed algorithm.

to the optimal operating point becomes possible by adding
the calculated compensation current to the current command
through this process.

The Lagrange multiplier method is used to find the max-
imum or minimum value of a function by considering both
objective functions and constraints. The intuitive understand-
ing for the Lagrange multiplier method has been depicted
in Fig.7 in the d-q coordinate system of IPMSM. The min-
imum value is located at the circumference of a circle with
radius IS , and the slopes of functions f (Id , Iq) and g(Id , Iq)
are equal. Hence, the optimal operating point of the IPMSM
can be determined using the Lagrange multiplier method as
described below.

The objective function f (Id , Iq) and constraint g(Id , Iq) can
be expressed by the following equations:

f (Id , Iq) = (I2d + I2q ) (28)

g(Id , Iq) = Te −
3
2
P
2
(λd Iq − λqId ) (29)

FIGURE 10. Simulation results of the calculated and estimated reactive
power.

The same slope is expressed as:

∇f (Id , Iq) = µ∇g(Id , Iq) (30)

In Equation (30), µ means that the slope vectors of two
functions f (Id , Iq) and g(Id , Iq) are related to each other by a
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FIGURE 11. Comparison of the LUT and proposed algorithm based on the simulation results under 70◦C temperature condition: (a) 30◦C LUT versus the
proposed algorithm, (b) 70◦C LUT versus proposed algorithm, (c) 70◦C LUT versus algorithm 1, (d) 70◦C LUT versus algorithm 2.
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multiplicative constant, where the coordinates of points with
the same slope can be calculated by defining a new function,
such as Equation (31), based on the two functions.

h(Id , Iq, µ) = f − µg (31)

∇h = (
∂h
∂Id

,
∂h
∂Iq

,
∂h
∂µ

) = 0 (32)

Equation (32) shows that the minimum value exists at a
point where the value of the partial derivative is zero, as the
factors Id , Iq, and µ of the function are independent of each
other. Solving Equation (32) yields:

∂h
∂Id

= 2Id −
3
2
NP
2

µλq = 0 (33)

∂h
∂Iq

= 2Iq −
3
2
NP
2

µλd = 0 (34)

∂h
∂µ

= Te −
3
2
NP
2
(λd Iq − λqId ) = 0 (35)

The above equation for µ is summarized as follows:

µ =
2Id

3
2
NP
2 λq

, µ =
−2Iq
3
2
NP
2 λd

(36)

In Equation (36) are combined to eliminate the Lagrange
constant µ, as follows:

Iq =
λqTe

λ2d + λ2q
(37)

Id = −Iq
λq

λd
(38)

If the magnetic fluxes estimated through the loss resis-
tance proposed in Section III are λdEst and λqEst , the error
between the estimated torque and the torque command can
be expressed as:

TeEst =
3
2
NP
2
(λdEst Iq − λqEst Id ) (39)

TeErr = T ∗
e −

3
2
NP
2
(λdEst Iq − λqEst Id ) (40)

If the Equations(37) and (38) is replaced with a torque
command, an estimation torque, and an estimation flux link-
age, as shown in Fig.8, the operating point A on the LUT
can be used as an origin, and the d-q-axis currents IdComp and
IqComp that compensate for TErr can be obtained as:

IqComp =
λqEst (T ∗

e − TEst )

λ2dEst + λ2qEst
(41)

IdComp = −IqComp
λqEst

λdEst
(42)

By adding the compensation current size calculated through
Equations (41) and (42) in the current command of the LUT at
base temperature, the operating point A at base temperature
can be moved to the modified operating point B due to the
temperature rise, with A as the origin.

FIGURE 12. Experiment environment.

FIGURE 13. Experimental results for the calculation and reactive power
estimation.

V. SIMULATION AND EXPERIMENTAL RESULTS
A. SIMULATION RESULT
In this paper, MATLAB/Simulink is used to verify the pro-
posed algorithm, and the rate of change in the magnetic flux
and phase resistance according to temperature are reflected.

The IPMSM model parameters used in the simulation are
shown in Table 3; the magnetic flux temperature coefficient
αmagnet is −0.1%/◦C, and the resistance temperature coeffi-
cient αR is 0.004 �/◦C.

TABLE 3. Nominal IPMSM parameters.

The block diagram of the proposed algorithm is shown in
Fig.9 and consists of a prewritten LUT at the base temper-
ature, loss resistance calculators, magnetic flux and torque
estimators, and a current command compensator.

To verify the validity of the proposed algorithm, the
prewritten LUT at 30◦C, LUT interpolation at each temper-
ature [8], algorithm 1 [5], algorithm 2 [9], and the current
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FIGURE 14. Performance comparison by each algorithm: (a) LUT interpolation at each temperature, (b) proposed algorithm, (c) algorithm 1,
(d) algorithm 2.

command to which the proposed algorithm is applied are
compared.

Fig.10 shows the error of the calculated reactive power
described in Section III and the estimated reactive power from
the proposed algorithm.

Table 4 shows the error rate, where the maximum error
is 0.77%, the minimum error is 0.002%, and the average error
is 0.38%, so the result of the magnetic flux estimation upon
applying the proposed method can be considered reasonable.

TABLE 4. Error rate of the reactive power estimation.

Fig.11 shows a comparison between each algorithm
and the results of the proposed algorithm under the
70◦C -temperature condition.

To compensate for the torque error caused by the increase
in the motor temperature, the magnitude of the compensated
d-q current command increases in the proposed algorithm
relative to the d-q axis current command of the 30◦C LUT.
It is confirmed that each algorithm has a current error of

less than 1% compared to the 70◦C LUT.

B. EXPERIMENTAL RESULT
Fig.12 shows the experimental configuration environment.
The parameters of the experimental IPMSM are the same as
those in Table 3.

An indirect method is adopted to use a chiller to saturate the
motor temperature, and an experiment is conducted enough
time after the chiller was operated.

Fig.13 compares the reactive power proposed in Section III
to the experimental results to verify the validity of the flux

TABLE 5. Error rate of the reactive power estimation.

linkage estimation through loss resistance. The maximum
error rate is 4.17%, the average error rate is 3.49%, and the
minimum error rate is 2.86%, so the result of the estimation
is reasonable.

TABLE 6. Comparison of the LUT and proposed algorithm based on the
experimental results under 70◦C temperature condition.

Table 6 shows the experimental results. When using only
single LUT at 30◦C, it is confirmed that the output torque
decreases as previously analyzed, and when each algo-
rithm is applied, the reduced output torque is compensated.
The phase difference of the current is small when each algo-
rithm is used, but all torque error rates are within 1%, 3.1%
in a single LUT at 30◦C, 0.2% in the LUT interpolation at
each temperature, 0.1% in the proposed algorithm, 0.25%
in algorithm 1, and 0.3% in algorithm 2. This is shown in
Fig.17. And Fig.14 represents the size of the current, torque
precision, and code execution time rate of each algorithm.
The proposed algorithm consumes less current by up to 0.75A
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FIGURE 15. Comparison of the LUT and proposed algorithm based on the experimental results under 70◦C temperature condition: (a) 30◦C LUT
versus proposed algorithm, (b) 70◦C LUT versus proposed algorithm, (c) 70◦C LUT versus algorithm 1, (d) 70◦C LUT versus algorithm 2.

FIGURE 16. Code execution time of each algorithm: (a) LUT interpolation at each temperature, (b) proposed algorithm, (c) algorithm 1, (d) algorithm 2.
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FIGURE 17. Comparison of the torque error rate of each algorithm:
(a) LUT interpolation at each temperature, (b) proposed algorithm,
(c) algorithm 1, (d) algorithm 2.

compared to other algorithms, improves the torque precision
by up to 0.2%, and decreases the code execution time by up
to 5%.

Fig.15(a) shows a comparison between the 30◦C LUT and
the proposed algorithm under the 70◦C -temperature condi-
tion. Like the simulation result, the magnitude of the d-q-axis
current command that is compensated through the proposed
algorithm increases relative to the 30◦C LUT to compensate
for a torque error caused by the motor temperature increase.

Fig.15(b), (c) and (d) show a comparison between the 70◦C
LUT and the each algorithm under the 70◦C temperature
condition. When the proposed algorithm is applied, there is
a small difference in the d-q-axis current command phase
relative to the 70◦C LUT, but it is negligible, and no error
arises in the magnitude of the current command or torque.

Fig.16 shows the code execution time rate of each
algorithm.

VI. CONCLUSION
In this paper, the active power loss is calculated using a single
LUT at the base temperature and the loss resistance is defined.

Then, the d-q axis flux linkage and torque are estimated
based on the loss resistance. Moreover, a torque error-
compensation method based on the temperature change is
proposed using the Lagrange multiplier method, which is a
mathematical optimization method.

The proposed algorithm does not require additional
parameters observer and high frequency injection for torque
compensation, which eliminates the reduction in control per-
formance due to the parameter observer and the decrease in
available voltage caused by the high frequency injection.

The proposed algorithm is validated through simulation
and experiment; the optimal operating point can be selected
using only a single LUT at the base temperature. It is also
confirmed that the proposed algorithm has a higher torque

precision and lower execution time than other algorithms.
This is expected to result in a reduction in the cost of physical
and time-related costs for writing LUTs for each temperature
and the possibility of adding additional algorithms due to the
reduction in execution time.

NOMENCLATURE
Symbols

R Stator resistance.
L Stator inductance.
ℜ Reluctance.
F Electromagnetic force.
I Stator current.
H Magnetic field strength.
Br Residual magnetic flux density.
NP Number of turns.
P Active power.
Q Reactive power.
λ Flux linkage.
φf Magnetic flux.
ωe Electrical rotor speed.
Te Electromagnetic torque.
∇ Gradient operator.
1 Differential value.
∂ Partial differential operator.

Subscripts

a, b, c The a-, b-, and c-axes in the three-phase
reference frame.

d, q Direct and quadrature axes in the rotor
reference frame.

S Synthetic value.
Est Estimated value.
Cal Calculated value.
Comp Compensated value.
Err Error value.
temp Value of change with temperature.
λ Value by flux linkage.

Superscript

∗ Reference value.
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