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Abstract—Accurate temperature information is crucial to dual
three-phase permanent magnet synchronous machine (DT-PMSM)
drives. Therefore, this article proposes two efficient models for
permanent magnet temperature estimation of DT-PMSMs. The
proposed models are derived through current injection in the
reference frame that does not contribute to torque production.
Through current injection, the proposed models can fully explore
the two sets of machine equations to cancel winding resistance
and machine inductances. To improve the estimation performance,
inverter nonlinearity is compensated in the first model and can-
celled in the second model. In comparison to existing methods, the
proposed approach is computationally efficient and robust to pa-
rameter variation, magnetic saturation, and inverter nonlinearity.
Moreover, the current injection will not affect the machine torque
production and control performance. The proposed estimation
approach is evaluated on a laboratory DT-PMSM under various
operating conditions.

Index Terms—Current injection, dual three-phase permanent
magnet synchronous machines (DT-PMSM), inverter nonlinearity,
permanent magnet temperature (PMT) estimation.

I. INTRODUCTION

DUAL three-phase permanent magnet synchronous ma-
chines (DT-PMSMs) have stimulated extensive research

attentions in both industrial and commercial applications due to
their high torque density, reduced per phase power rating, and
fault tolerant capability in comparison to existing three-phase
PMSMs [1]–[5]. For instance, the DT-PMSM, consisting of
two sets of three-phase windings, can operate with one or two
phases under fault, while the three-phase PMSM is unable to
operate with one phase opened without hardware modification
[6]–[9]. For DT-PMSMs, accurate parameters are critical to
high-performance, efficient and reliable control. Among various
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parameters, permanent magnet temperature (PMT) is especially
important as the torque performance of DT-PMSM decreases
with the increase of PMT [10]–[12]. Moreover, accurate PMT
can be utilized to monitor the condition of permanent magnets
(PMs) to avoid permanent demagnetization of the PMs and mo-
tor failure. Therefore, this article investigates PMT estimation
of DT-PMSMs and proposes efficient estimation approaches.

For three-phase PMSMs, PMT can be obtained through
mainly three strategies. The first one is the direct measurement
of PMT. For instance, Hall sensors are investigated for PMT
estimation in [13]. However, PMs in the rotor will rotate during
machine operation, which imposes challenges to the measure-
ment especially at high-speed conditions. Moreover, installa-
tion of noncontact temperature sensors will add additional cost
concern and other practical challenges. The second strategy is
based on the thermal model, in which the thermal networks are
employed to model the heat flow in the motor for temperature
estimation [14]–[16]. This approach is capable of estimating the
temperature of any parts of the motor which, however, requires
accurate losses information and/or geometric structure data. The
third strategy is based on the machine model consisting of PMT
dependent parameters. For instance, PM flux linkage decreases
linearly as PMT increases in the linear operation region [17].
Therefore, PMT can be estimated from the PM flux linkage with
the use of available measurements. In comparison to first and
second strategies, the third one has stimulated considerable re-
search interests especially for conventional three-phase PMSMs
due to cost effectiveness, efficiency, and robustness. Hence, this
article focuses on the third strategy exploring the temperature-
dependent parameters for PMT estimation of DT-PMSMs.

There is limited literature on DT-PMSM PMT estimation.
However, most of existing approaches for three-phase PMSM
can be extended to the DT-PMSMs, in which the PMT is es-
timated from temperature-dependent machine parameters. The
existing approaches can be divided into the model-based ap-
proach and signal injection-based approach. In the model-based
approach [18]–[22], the estimation model is first derived from
machine dq-axis equations and then estimation algorithms such
as least squares are applied to estimate the PM flux linkage for
PMT estimation, which can estimate PMT from the available
measurements. However, accurate machine inductances and/or
resistance are required, but parameter variation is inevitable
during machine operation due to temperature rise and magnetic
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Fig. 1. DT-PMSM control with current injection in non-torque-contributing
DQ2 reference frame for PMT estimation.

saturation. Moreover, this approach can be affected by the in-
verter distortion. In the signal injection-based approach, high
frequency (HF) signal is injected into the motor to estimate the
PMT from the signal response and HF model [23], [24]. This
approach can eliminate the need of machine inductances in PMT
estimation, but it still requires accurate winding resistance and
temperature.

On the other hand, different from three-phase PMSMs con-
sisting of one set of machine equations, DT-PMSM consists of
two sets of equations [25]–[27], which means that there is more
flexibility to be explored in the DT-PMSM model for improving
the estimation performance. However, direct extending existing
approaches to DT-PMSMs is unable to explore this extra flexi-
bility and also requires the machine inductances and/or winding
resistance for PMT estimation.

Understanding the limitations of existing approaches and the
flexibility of the DT-PMSM model, this article proposes novel
PMT estimation approaches for DT-PMSMs that can eliminate
the need of machine inductances and winding resistance, which
is achieved by current injection in the reference frame that is
not contributing to torque production. Specifically, this article
derives two estimation models from the DT-PMSM equations.
Through current injection, machine inductances and winding re-
sistance are cancelled in the derived models, thus the estimation
performance will not be affected by the variation of machine
parameters. Since the currents are injected to the frame that has
no contribution to torque production, the proposed approach
will not affect motor control. Moreover, inverter nonlinearity is
modeled, its influence is investigated, and compensation and/or
elimination approach is developed for each model. Extensive
experiments are conducted to evaluate the proposed approach
on an interior DT-PMSM under various operating conditions.

II. VECTOR SPACE DECOMPOSITION (VSD)-BASED

DT-PMSM MODELING

The DT-PMSM of interest in Fig. 1 consists of two sets of
three phase windings, denoted by (a, b, c, x, y, z), with two
isolated neutral points. The phase shift between a and x is π/6.
In abcxyz frame, the DT-PMSM model can be denoted as{

uabcxyz = Riabcxyz + λ̇abcxyz

λabcxyz = Liabcxyz + λPM,abcxyz

(1)

where Pabcxyz with P = u, i, λ, or λPM denotes the vector of the
phase voltage, current, flux linkage, or PM flux linkage in the
abcxyz frame, respectively; L is the inductance matrix; and R is
the resistance matrix.

The VSD model introduces a transformation matrix TDQ in
(2) to convert (1) into DQ1 and DQ2 frames, where θ0 = θ−π/3
and θ1 = θ + π/3 with θ being rotor electrical position. The
VSD-based steady-state DT-PMSM model can be denoted as
follows [27]–[29]:

TDQ =
1

3

⎡
⎢⎢⎢⎢⎢⎣

cosθ −cosθ1 −cosθ0 sinθ1 sinθ0 −sinθ

−sinθ sinθ1 sinθ0 cosθ1 cosθ0 −cosθ

−sinθ sinθ1 sinθ0 −cosθ1 −cosθ0 cosθ

−cosθ cosθ1 cosθ0 sinθ1 sinθ0 −sinθ

⎤
⎥⎥⎥⎥⎥⎦
(2){

ud1 = Rid1 − ωLq1iq1, uq1 = Riq1 + ω (Ld1id1 + λ0)

ud2 = Rid2 − ωLq2iq2, uq2 = Riq2 + ωLd2id2.

(3)

Here, there are two sets of axes denoted by DQ1 and DQ2 in
(3),udk,uqk, idk, iqk,Ldk, andLqk denote the voltages, currents,
and inductances in DQk axis, k = 1, 2, ω is the rotor electrical
speed, and λ0 is the PM flux linkage. Detailed expressions of the
inductances can be found in [27], [31], and they satisfy Ld1 <
Lq1 for interior DT-PMSM,Ld1 = Lq1 for surface-mounted DT-
PMSM, and Ld2 = Lq2 for both DT-PMSMs.

The DT-PMSM torque equation is [9], [27]

te = 3P (λ0iq1 + (Ld1 − Lq1) id1iq1) (4)

where te is the output torque and P is the number of pole pairs.
From (4), DQ2 frame does not contribute to torque production.
Fig. 1 presents the VSD model-based DT-PMSM control, in
which DQ1 frame currents are controlled for torque production,
while DQ2 frame currents are set to zero due to no contribution
to torque production. The references irefd1 and irefq1 are from outer
loop controller, and four PI controllers are employed for current
control.

In (3), λ0 is PMT dependent, thus this article explores the use
of (3) for PMT estimation, in which the voltage measurements
from four PI current controllers in Fig. 1 will be employed due
to the lack of accurate voltage sensors in most industrial drive.
However, due to the inverter nonlinearity, the voltages from PI
controllers are unequal to the actual voltages supplied to the
motor, that is, the inverter will distort the voltages due to reasons
such as deadtime. The relationship between the reference and
actual voltages can be modeled as{

vd1 = ud1 +Dd1Vdead, vq1 = uq1 +Dq1Vdead

vd2 = ud2 +Dd2Vdead, vq2 = uq2 +Dq2Vdead

(5)

where vd1, vq1, vd2, and vq2 are the output voltages of the
four PI controllers in Fig. 1; Dd1Vdead, Dq1Vdead, Dd2Vdead,
and Dq2Vdead are inverter distorted terms on vd1, vq1, vd2, and
vq2, respectively; Vdead is the inverter distorted voltage due to
deadtime effect; the expressions and investigations ofDd1,Dq1,
Dd2, and Dq2 are detailed in the Appendix, which will show
that they are functions of DQ frame currents and rotor position.
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According to [35], the inverter distortion model is applicable to
operating conditions with different switching frequencies and
speeds. For the given inverter with a fixed deadtime, Vdead can
be viewed as constant and can be calculated from (55).

Substituting (5) into (3), the DT-PMSM model considering
inverter nonlinearity can be denoted as⎧⎪⎪⎪⎨

⎪⎪⎪⎩
vd1 = Rid1 − ωLq1iq1 +Dd1Vdead

vq1 = Riq1 + ω (Ld1id1 + λ0) +Dq1Vdead

vd2 = Rid2 − ωLq2iq2 +Dd2Vdead

vq2 = Riq2 + ωLd2id2 +Dq2Vdead.

(6)

SinceDd1,Dq1,Dd2, andDq2 are functions of stator currents
and rotor position, it becomes complicated to perform PMT
estimation using instantaneous measurements due to the need of
rotor position. However, the Appendix shows that the average
values of Dd1, Dq1, Dd2, and Dq2 are independent from rotor
position and they are only functions of DQ frame currents and
can be calculated from (54). Hence, this article explores the use
of the dc values for PMT estimation and use the capital letter
to denote the dc value. For instance, Vd1 denotes the dc value
of vd1. A down-sampling factor will be used to achieve a lower
sampling rate for PMT estimation, and the arithmetic mean of
the data within a predefined period will be used as the dc value.
In this way, (6) can be rewritten as (7) by using the dc values,
where V, I, DD, and DQ represent the dc values of v, i, Dd, and
Dq , respectively⎧⎪⎪⎪⎨

⎪⎪⎪⎩
Vd1 = RId1 − ωLq1Iq1 +DD1Vdead

Vq1 = RIq1 + ω (Ld1Id1 + λ0) +DQ1Vdead

Vd2 = RId2 − ωLq2Iq2 +DD2Vdead

Vq2 = RIq2 + ωLd2Id2 +DQ2Vdead.

(7)

III. CURRENT INJECTION-BASED PMT ESTIMATION

This section first derives the current injection-based estima-
tion models denoted by M1 and M2, and then proposes methods
to compensate and/or cancel the inverter distortion, and finally
discusses the Kalman filter-based temperature smoothing and
the influence due to model uncertainty.

A. Deriving PMT Estimation Models

To derive model M1, testing currents −I and I will be injected
into D2 and Q2 frames, that is, setting Id2 = −I and Iq2 =
I . Current injection in DQ2 frame will not affect the torque
production. As shown in Fig. 1, (Id2, Iq2) will be controlled to
(−I, I) for a short period and will be controlled back to zero after
data collection. The sum of 1st equation in (7) multiplied by Id1
and 2nd one in (7) multiplied by Iq1 is (8), and since Id2 and Iq2
are nonzero, (9) is obtained from 3rd and 4th equations in (7).

Vd1Id1 + Vq1Iq1 = RI2s1 + ωIq1 (LΔId1 + λ0)

+ (Id1DD1 + Iq1DQ1)Vdead (8)

Vq2 − Vd2 = R (Iq2 − Id2) + ω (Ld2Id2 + Lq2Iq2)

+ (DQ2 −DD2)Vdead (9)

where LΔ = Ld1 − Lq1 and I2s1 = I2d1 + I2q1.

Substituting Id2 = −I , Iq2 = I andLd2 = Lq2 into (9) yields

Vq2 − Vd2 = 2RI + (DQ2 −DD2)Vdead. (10)

Based on (8) and (10), the resistance term is cancelled in

α1 = ωIq1 (LΔId1 + λ0) + κ1Vdead (11)

where α1 and κ1 given in (12) contain only voltage and current
measurements that are available. Therefore, α1 and κ1 can be
calculated from the measurements as follows:⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

α1 = Vd1Id1 + Vq1Iq1

−γI2s1 (Vq2 − Vd2)

κ1 = Id1DD1 + Iq1DQ1

−γI2s1 (DQ2 −DD2) .

with γ =
1

2I
(12)

Proof to (11) and (12): see Appendix.
In (11), λ0 is PMT dependent, and the rest terms are available,

thus one can estimate PMT from (11).
To derive model M2, nonzero testing current Iq2 will be

injected into Q2 frame. Then, 2nd and 4th equations in (7) are
respectively multiplied by Iq2 and Iq1, and the results are

Vq1Iq2 = RIq1Iq2 + ωIq2(Ld1Id1 + λ0) + Iq2DQ1Vdead

(13)

Vq2Iq1 = RIq2Iq1 + ωLd2Id2Iq1 + Iq1DQ2Vdead. (14)

Subtracting (14) from (13) yields

α2 = ω (Iq2 (Ld1Id1 + λ0)− Ld2Id2Iq1) + κ2Vdead (15)

where α2 and κ2 in the following can be calculated from
measurements.

α2 = Vq1Iq2 − Vq2Iq1, κ2 = Iq2DQ1 − Iq1DQ2. (16)

In M2, a larger Iq2 will result in a more accurate estimation
because Vq2 increases as the increase of Iq2, which leads to an
increased signal-to-noise ratio of voltage measurements.

Either (11) or (15) can be employed for PMT estimation, thus
two typical estimation models, M1 and M2, will be derived from
(11) and (15) accordingly, which will be detailed as follows. It
should be noted that one can derive similar models by following
the same methodologies.

1) Deriving Estimation Model M1 From (11): Suppose that
at time t, the PMT is T(t) and PM flux linkage is λT (t); the
DQ1 frame currents are Id1,t and Iq1,t, respectively; the motor
speed isωt; testing currents are injected into DQ2 frame, and the
measured DQ frame voltages are Vd1,t, Vq1,t, Vd2,t, and Vq2,t.
With these data at time t, the following is obtained from (11).

α1,t = ωtIq1,t (LΔ,tId1,t + λT (t)) + κ1,tVdead (17){
α1,t = Vd1,tId1,t + Vq1,tIq1,t − γI2s1,t (Vq2,t − Vd2,t)

κ1,t = Id1,tDD1,t + Iq1,tDQ1,t − γI2s1,t (DQ2,t −DD2,t)

(18)

where, α1,t and κ1,t are obtained by replacing {Vd1, Vq1,
Vd2, Vq2, Id1, Iq1} in (12) with {Vd1,t, Vq1,t, Vd2,t, Vq2,t,
Id1,t, Iq1,t}; DD1,t is the value of DD1 at time t; similar for
DQ1,t, DD2,t, and DQ2,t; LΔ,t is the value of LΔ at time t and
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it can change nonlinearly under different load conditions due to
magnetic saturation.

When PMT is within the maximum operating temperature,
PM flux linkage decreases linearly as the PMT increases [33],
[34]. This linear relationship between PMT and PM flux linkage
can be modeled as

λT (t) = λ0 (1 + β (T (t)− T0)) (19)

where λT (t) and λ0 denote the PM flux linkage at temperature
T(t) and T0, respectively, and β is the PM thermal coefficient.
For instance, β is −0.12%/°C for NdFeB PMs.

Substituting (19) into (17), the result is

α1,t − κ1,tVdead

ωtIq1,t
= LΔ,tId1,t + λ0 + βλ0 (T (t)− T0) .

(20)
In this article, inductances are assumed to be independent

from PMT, but they can change nonlinearly under different
load conditions due to magnetic saturation. If (20) is employed
directly for PMT estimation using the least-squares method,
accurate inductances will be required, so the estimation per-
formance will be affected by magnetic saturation. This article
employs a look-up-table (LUT) to cancel the inductance terms,
so that the proposed estimation approach will not be affected by
magnetic saturation.

Suppose that initial tests are conducted at room temperature
T0 and motor speed ω0 to collect {Vd1,0, Vq1,0, Vd2,0, Vq2,0}
under different DQ1 frame currents {Id1,0, Iq1,0} with the
same testing currents injected into DQ2 frame; the PM flux
linkage is λ0 at temperature T0. In this way, a LUT of
{Vd1,0, Vq1,0, Vd2,0, Vq2,0} with respect to {Id1,0, Iq1,0} is
built. Based on the initial LUT data, the following can be
constructed from (11):

α1,0 − κ1,0Vdead = ω0Iq1,0 (LΔ,0Id1,0 + λ0) (21){
α1,0 = Vd1,0Id1,0 + Vq1,0Iq1,0 − γI2s1,0 (Vq2,0 − Vd2,0)

κ1,0 = Id1,0DD1,0 + Iq1,0DQ1,0 − γI2s1,0(DQ2,0 −DD2,0)

(22)

where α1,0 and κ1,0 are obtained by replacing {Vd1, Vq1,
Vd2, Vq2, Id1, Iq1} in (12) with {Vd1,0, Vq1,0, Vd2,0 Vq2,0,
Id1,0 Iq1,0},DD1,0 is the value ofDD1 at the initial time; similar
for DQ1,0 DD2,0, and DQ2,0, and LΔ,0 is the value of LΔ at the
initial time.

The LUT is built under different Id1,0 and Iq1,0 with the same
DQ2 frame currents injected. Hence, it is reasonable to assume
that one can find the data from the LUT satisfying the following
to construct (21):

Id1,t = Id1,0, Iq1,t = Iq1,0 (23)

It should be emphasized that even if the LUT does not contain
the data satisfying (23), one can obtain the required data through
interpolation providing the condition that sufficient data are
collected in the LUT.

As discussed in Appendix, DD1, DQ1, DD2, and DQ2

are functions of stator currents. From (23), the stator current
at time t, [Id1,t, Iq1,t,−I, I]T , is equal to the initial one,

[Id1,0, Iq1,0,−I, I]T , in the LUT, therefore, the following is
obtained:

DD1,0 = DD1,t, DQ1,0 = DQ1,t, DD2,0 = DD2,t

DQ2,0 = DQ2,t, LΔ,0 = LΔ,t. (24)

Based on (23) and (24), κ1,0 and κ1,t are equal, that is

κ1,0 = κ1,t. (25)

Substituting (23)∼(25) into (20) and (21) yields

α1,t − κ1,0Vdead

ωtIq1,t
= LΔ,tId1,t + λ0 + βλ0 (T (t)− T0) (26)

α1,0 − κ1,0Vdead

ω0Iq1,t
= LΔ,tId1,t + λ0. (27)

Subtracting (27) from (26) yields the model M1 in (28)

M1 : T (t)− T0 =
α1,t − ωt

ω0
α1,0

Iq1,tωtβλ0
+

ωt − ω0

ωt

κ1,0

Iq1,t
ΔT (28)

where

ΔT =
Vdead

ω0βλ0
. (29)

In M1, PMT T(t) is unknown and other parameters are either
available in the LUT or can be calculated from the measure-
ments, thus T(t) can be directly estimated from M1.

2) Deriving Estimation Model M2 From (15): Based on the
data at time t {Vd1,t, Vq1,t, Vd2,t, Vq2,t} and the initial LUT
data {Vd1,0, Vq1,0, Vd2,0, Vq2,0}, the following can be obtained
from (15):

α2,t − κ2,tVdead

ωt
= Iq2,t (Ld1,tId1,t + λT (t))

− Ld2,tId2,tIq1,t (30)

α2,0 − κ2,0Vdead

ω0
= Iq2,0 (Ld1,0Id1,0 + λ0)− Ld2,0Id2,0Iq1,0

(31)

Based on (16), α2,0, κ2,0, α2,t, and κ2,t are given in (32) and
the subscript “t” or “0” denotes it is the value of the variable at
time t or initial condition. Due to magnetic saturation, Ld1,t can
be different from Ld1,0 and Ld2,t can be different from Ld2,0⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

α2,t = Vq1,tIq2,t − Vq2,tIq1,t,

α2,0 = Vq1,0Iq2,0 − Vq2,0Iq1,0

κ2,t = Iq2,tDQ1,t − Iq1,tDQ2,t,

κ2,0 = Iq2,0DQ1,0 − Iq1,0DQ2,0.

(32)

In the LUT one can find the data satisfying

Id1,t = Id1,0, Iq1,t = Iq1,0. (33)

Since the stator current at time t is equal to that at initial
condition, the following is obtained

DD1,0 = DD1,t, DQ1,0 = DQ1,t, DD2,0 = DD2,t

DQ2,0 = DQ2,t, Ld1,0 = Ld1,t, Ld2,0 = Ld2,t. (34)
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Based on (33) and (34), κ2,0 and κ2,t are equal, that is

κ2,0 = κ2,t. (35)

Substituting (19) and (33)–(35) into (30) and (31), the result
is the derived model M2 in the following:

M2 : T (t)− T0 =
α2,t − ωt

ω0
α2,0

Iq2,tωtβλ0
+

ωt − ω0

ωt

κ2,0

Iq2,t
ΔT. (36)

B. Compensation for Inverter Distortion

Both M1 and M2 require the inverter distortion information
for PMT estimation, thus it is necessary to analyze how inverter
distortion will affect the estimation performance. Ideally, if the
LUT is built under all speed conditions, then one can find the
data in the LUT satisfyingω0 = ωt. In such a way, is the inverter
distortion cancelled as the last term in M1 and M2 becomes zero.
However, this will increase the complexity in building the LUT.
Therefore, it necessary to compensate or cancel the inference of
the inverter distortion.

In M1 and M2, inverter distortion is represented in the form
of κ1,0/Iq1,t and κ2,0/Iq1,t, respectively. As analyzed in the
Appendix, DD1,DQ1, DD2, and DQ2 are functions of the stator
currents, and thus κ1,0 and κ2,0 are functions of stator currents
as well. In M1 and M2, inverter distortion will be cancelled if
κ1,0 and κ2,0 become zero. DQ1 frame currents are determined
by load conditions, while DQ2 frame currents are adjustable.
Hence, DQ2 frame currents should be optimally selected to
ensure κ1,0 satisfying (37) and κ2,0 satisfying (38) in order to
cancel the inverter distortion

M1 : κ1,0 = 0 ⇒ Id1,0DD1,0 + Iq1,0DQ1,0

DQ2,0 −DD2,0
= γI2s1,0 (37)

M2 : κ2,0 = 0 ⇒ Iq2,0DQ1,0 = Iq1,0DQ2,0. (38)

Hence, given Id1 and Iq1, optimal Id2 and Iq2 can be calcu-
lated from (37) for M1 and (38) for M2.

According to (22) and (32), calculatingκ1,0 andκ2,0 involves:
1) obtain N data points of the inverter distorted coefficients
Dd1,0, Dq1,0, Dd2,0, and Dq2,0 in one electrical cycle using
(54); 2) compute their average values DD1,0, DQ1,0, DD2,0,
and DQ2,0 from these data; and 3) calculate κ1,0 and κ2,0 using
(22) and (32). Hence, the values of κ1,0 and κ2,0 are dependent
on N. Obviously, N should be as large as possible to ensure
the accuracy of calculated κ1,0 and κ2,0. In the simulation,
N is set to 62 800 to ensure the accuracy. Fig. 2 presents the
calculated κ1,0 and κ2,0 with respect to DQ2 frame currents.
For Id2 = Iq2 = I = 0, there will be no current injection in
DQ2 frame, but M1 requires current injection, thus κ1,0 has
no meaning at I = 0. Hence, in Fig. 2(a), (c), and (e), I is set to
be within [−5 A, −0.5 A] or [0.5 A, 5 A]. It can be concluded
from Fig. 2 that

1) for M1, κ1,0/Iq1,t decreases with the increase of DQ2

frame currents, which means that selecting a larger testing
current magnitude can reduce the influence of inverter
distortion;

Fig. 2. Investigation of inverter distortion with N = 62800. (a) κ1.0/Iq1 and
(b) κ2,0/Iq2 for Id1 = −5A and Iq1 = 8.7A. (c) κ1.0/Iq1 and (d) κ2,0/Iq2
for Id1 = −2.6A and Iq1 = 14.77A. (e)κ1.0/Iq1 and (f)κ2,0/Iq2 for Id1 =
−6A and Iq1 = 10.39A.

Fig. 3. Optimal Id2 for Iq2 = 2A to cancel the inverter distortion for M2.

2) for M2, with a proper selection of DQ2 frame currents,
(38) can be satisfied, which means that the inference from
the inverter distortion can be cancelled.

In most cases, it is unable to find proper Id2 and Iq2 satisfying
(37) for M1 because Id2 and Iq2 should remain small as they do
not contribute to average torque production. However, one can
find proper Id2 and Iq2 satisfying (38) for M2, thus M2 in (36)
can be simplified as

M2 : T (t)− T0 =
α2,t − ωt

ω0
α2,0

Iq2,tωtβλ0
. (39)

Given the DQ1 frame currents, optimal DQ2 frame currents
to cancel inverter distortion for M2 can be identified from (38).
For the test machine, when Iq2 is set to 2 A, optimal Id2 under
different Id1 and Iq1 to cancel inverter distortion is calculated
and given in Fig. 3. When the test currents in Fig. 3 are injected
into DQ2 frame, inverter distortion can be cancelled for M2 and
the temperature can be estimated from (39).

C. Temperature Smoothing Using Kalman Filter

The Kalman filter is employed to smooth the estimated tem-
peratures to reduce the influence from the measurement noise.



FENG et al.: EFFICIENT PERMANENT MAGNET TEMPERATURE MODELING AND ESTIMATION FOR DUAL THREE-PHASE PMSM 7333

PMT variation has a large constant and PMT increase or decrease
in a short time period can be approximately viewed as linear.
Hence, a linear (40) proposed in [21] is employed to model
PMT variation in a short period of time

T (t)− T (t− 1) = νΔt (40)

where T(t) and T(t−1) denote two consecutive PMTs at time t
and t−1, respectively; ν denotes the rate of temperature increase
or decrease, and Δt denotes the sampling time.

Based on M1, M2 and (40), a state-space model in (41) is
constructed for PMT estimation

xt+1 = Axt + gt, yt = Bxt + et (41)

where xt, yt, A and B, are defined as⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

A = [1 Δt; 0 1 ] , B = [1 0 ], xt = [T (t)− T0 ν(t) ]
T

yt =

⎧⎪⎪⎨
⎪⎪⎩

ω0α1,t − ωtα1,0

Iq1,tω0ωtλ0β
+

ωt − ω0

ωt

κ1,0

Iq1,t
ΔT for M1

ω0α2,t − ωtα2,0

Iq2,tω0ωtβλ0
for M2.

(42)
Here, gt and et are zero-mean noise with covariances G and

E, respectively, where G and E can be selected according to [21].
Since (41) is linear, Kalman filter is employed to estimate

PMT, which involves the following four steps: 1) calculate yt
using (42); 2) estimate the state at t using (43); 3) update the
state using (44), and yt; 4) calculate the PMT using (46).

x̂−
t = Ax̂t−1 (43)

x̂t = x̂−
t +Kt(yt −Bx̂−

t ) (44){
Kt = P−

t BT (BP−
t BT + E)−1

P−
t = APt−1A

T +G, Pt = P−
t −KtBP−

t

(45)

T̂ (t) = x̂t(1) + T0 (46)

where x̂−
t and x̂t are predicted and estimated states at time t.

D. Discussion on Machine Model Uncertainties

This article assumes that machine structure is symmetri-
cal and winding distribution is sinusoidal with harmonics and
iron loss neglected. This subsection discusses how harmonics,
iron loss, and asymmetrical structure will affect the estimation
performance.

The winding function harmonics can result in harmonics in
the inductances in DQ frames. According to [32], DQ frame
inductance matrix LDQ in (47) is calculated from TDQLT

−1
DQ

LDQ =

⎡
⎢⎢⎢⎢⎢⎣

Ld1 Ld1q1 Ld1d2 Ld1q2

Ld1q1 Lq1 Lq1d2 Lq1q2

Ld1d2 Lq1d2 Ld2 Ld2q2

Ld1q2 Lq1q2 Ld2q2 Lq2

⎤
⎥⎥⎥⎥⎥⎦ (47)

where Lx and Lxy are the self and mutual inductances with
x�{d1, q1, d2, q2} and xy�{d1q1, d1d2, d1q2, q1d2, q1q2, d2q2}

Fig. 4. Equivalent circuit of Q1 frame considering iron loss.

and Lxy = Lyx. In (47), Lx and Lxy can be expressed as [32]

Lx = Lx,0 +
∑

j
Lx,j , Lxy =

∑
j
Lxy,j (48)

where Lx,0 is the dc component of Lx and Lx,j is the jth
harmonic component in Lx with j = 6, 12, …; Lxy,j is the jth
harmonic component in Lxy with j = 6, 12, ….

According to (3), the inductance harmonics will produce
the voltage harmonics of the same order. However, this article
employs dc values for temperature estimation, so the induced
voltage harmonics will be averaged to zero and will not affect
the estimation performance.

According to [32], DQ1 frame PM flux linkages λd1 and λq1

contain dc and kth harmonic components and DQ2 frame PM
flux linkages λd2 and λq2 contain the lth harmonics, with k =
12, 24, 36, … and l = 6, 18, 30, …, which can be denoted as{

λd1 = λ0 +
∑

k λdk,1, λq1 =
∑

k λqk,1

λd2 =
∑

l λdl,2, λq2 =
∑

l λql,2

(49)

where λ0 is the fundamental component, λdk,1 and λqk,1 are the
kth harmonic components in DQ1 frame, and λdl,1 and λql,1 are
the lth harmonic components in DQ2 frame. Similarly, PM flux
linkage harmonics will introduce voltage harmonics with the
same order, but these harmonic components will be averaged to
zero and thus will not affect the estimation performance.

When the iron loss is considered, iron loss resistances can
be inserted in parallel with the armature inductances in DQ
frame equivalent circuits [37]. Fig. 4 presents an equivalent
circuit in Q1 frame considering iron loss, which is based on
the circuits in [37]. According to [37], the iron loss resistance
Ri is significantly larger than the impedance ωLq1. Therefore,
in Fig. 4, Q1 frame magnetizing current iq1,m will be slightly
smaller than Q1 frame line current iq1, which will affect the
estimation performance, but the influence is not significant as
will be seen in experimental results. In order to improve the
estimation performance, future work is required to investigate
iron loss modeling and compensation for DT-PMSM.

According to [38], the machine with asymmetrical structure
has unbalanced phase winding impedances, which will lead to
positive, negative and zero sequence components in the voltage,
current, and flux linkages (zero sequence components will be
zero for the machine with floating neutral points). The asym-
metrical structure can result in the second order torque and flux
harmonics [38]. The flux harmonics will not affect the proposed
approach as discussed above. However, the induced negative
sequence components could affect the estimation performance
especially for severely asymmetrical machine, which requires
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Fig. 5. Experimental setup for PMT estimation.

TABLE I
DESIGN PARAMETERS OF THE TEST DT-PMSM

future work on accurate modeling and compensation of the
asymmetrical machine structure.

IV. EXPERIMENTAL INVESTIGATIONS

A. Experimental Setup and Preliminary Test

The proposed approach is applied to estimate the PMT of
a laboratory interior DT-PMSM, as shown in Fig. 5. Table I
lists the design parameters of the test motor drive. For the
test motor, there are thermocouple installed inside the winding
for temperature measurement and windows on the surface, as
shown in Fig. 5. Through these windows, PMT can be measured
by using a thermal imager, the measured PMT is the surface
temperature and the temperature distribution is nonuniform. The
estimated PMT from PM flux linkage can be viewed as the
average value. Although the measured PMT is not exactly equal
to the average value, but that their difference is not significant, so
the measured PMT will be compared with the estimated ones to
evaluate the estimation performance of the proposed approach.

To perform PMT estimation, the first step is to build the LUT.
In particular, the LUT is built for two speeds, namely, 100 and
300 r/min. In building the LUT for M1, DQ2 frame current
magnitude is experimentally selected to be 2 A; in building the
LUT for M2, optimal DQ2 frame currents in Fig. 3 are selected.
The LUTs built for M2 at 100 and 300 r/min are shown in Fig. 6
and the ones for M1 are similar. With these LUTs, PMT can be
estimated from real-time measurements.

B. Experimental Parameter Estimation Results

To evaluate the proposed approach, four tests, Test 1, Test 2,
Test 3, and Test 4 are conducted under various speed and load

Fig. 6. LUTs built at 100 and 300 r/min for M2. (a) DQ1 frame voltages at
100 r/min. (b) DQ2 frame voltages at 100 r/min. (c) DQ1 frame voltages at
300 r/min. (d) DQ2 frame voltages at 300 r/min.

conditions. Specifically, Test 1 is conducted at a low speed of
100 r/min with a load torque of 68 Nm; Test 2 is conducted
at a higher speed of 300 r/min with a load torque of 66.5 Nm;
Test 3 is conducted under various speed and load conditions, in
which the load torque is 66.5 Nm and the speed is 400 r/min in
the first hour, and then the load torque and speed are decreased
to 48.5 Nm and 200 r/min, respectively, and the load torque
is further reduced to 21 Nm after 80 minutes; and Test 4 is
conducted under four different loads and two speeds in a short
period of time. According to (7), the voltage drop due to PM
flux linkage is proportional to the speed. This means that the
higher the speed is, the higher the signal-to-noise ratio of the
measurements will be. Therefore, the estimation performance
at higher speeds is generally better than that at low speeds.
Hence, experiments are mainly conducted below rated speed.
The tests are conducted in an open laboratory space, so tests
1∼3 are conducted for a long period in order for the motor to
reach a high temperature, In tests 1∼3, temperature estimation is
performed every one minute as temperature variation has a large
time constant, thus the test current injection in DQ2 frame is at
the same rate and each time DQ2 frame currents are injected
for a duration of one second (this duration can be shorter for
the high-speed conditions, and one second is used here to cover
very low-speed conditions). For machine control, the sampling
time is 2.5 μs, but a down-sampling factor of 40 is employed
to achieve a lower sampling rate of 1 kHz to collect the data
for temperature estimation, so there will be 1 000 data points for
each variable and the arithmetic mean of these data are used as
the dc values for temperature estimation.

In Test 1, the motor is running at 100 r/min and 68 Nm
with Id1 = −6A and Iq1 = 13A. During PMT estimation, the
measurements will be taken after Id2 and Iq2 are injected, and
they are set to zero after data collection. Test 1 is conducted for
about one hour to increase the PMT. During this test, the thermal
imager is employed to measure the PMT per 20 min. It should be
noted that the measured PMT during standstill is accurate, but
the ones measured during operation has limited accuracy due
to the rotation of PMs. Winding temperature is monitored by
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Fig. 7. Winding temperatures during Test 1, Test 2, and Test 3.

Fig. 8. Measured thermal images (unit: °C). (a) Test 1. (b) Test 2. (c) Test 3.

thermocouple, and measured temperature in Test 1 is shown in
Fig. 7. The measured thermal images are presented in Fig. 8(a).
In Fig. 8, the thermal image was taken from a slightly different
angle each time to capture the PM resulting in difference in the
image shape. In Fig. 8, both the coil and PMTs are measured,
and winding temperature is generally higher than PMT. From
Figs. 7 and 8(a), initial winding temperature is 24.5 °C, which
is equal to PMT. In the end, winding and PMTs reach 64 and
41 °C, respectively.

In Test 1, the measured speed, currents and voltages are shown
in Fig. 9. With these data, the estimated PMT is shown in Fig. 10,
in which the measured PMTs and the estimated ones using M1
and M2 without Kalman filter are also compared. The parameters
of Kalman filter used are as follows. The covariance G depends
on the maximum temperature variation within Δt. Here, Δt is
1 minute and G is selected to be [22 0; 0 1]. The covariance E
depends on the variation of yt within Δt. E is experimentally
selected to be 22. From Fig. 10, at the beginning, 20th and 40th

Fig. 9. Measurements in Test 1. (a) Speed. (b) Currents. (c) DQ1 frame
voltages. (d) DQ2 frame voltages.

Fig. 10. PMT estimation result in Test 1.

minute and the end of Test 1, the estimated PMT based on M1
is 24.3, 33.8, 39.7, and 43 °C, respectively, the estimated ones
based on M2 are 24.2, 32.2, 38.2, and 41.9 °C, respectively, while
the measured one is 24.5, 31, 37.4, and 41 °C, respectively. It can
be seen that the estimation error is within 3 °C by using M1 and it
is within 1.5 °C by using M2. Moreover, Fig. 10 shows that using
Kalman filter can help to smooth the estimated temperature to
reduce the influence from measurement noise.

In Test 2, the motor is running at 300 r/min with Id1 = −7A
and Iq1 = 12A. In order to perform PMT estimation, Id2 and
Iq2 are injected into the machine. Test 2 lasts about two hours,
and the winding temperature and measured thermal images are
presented in Figs. 7 and 8(b), respectively. It can be seen that
temperature rise in the first hour is more significant than that
in the next hour, and the winding and PMT are 30 °C at the
beginning and they are 68 and 55 °C, at the end of Test 2.

The measurements collected during Test 2 are shown in
Fig. 11, and the estimated PMT based on M2 is shown in
Fig. 12, in which the measured temperatures are compared.
From Fig. 12, the estimated PMT is 29 °C at the beginning
and 56.5 °C at the end, while the measured one is 30 °C at the
beginning and 55 °C at the end. It should be noted that at the
60th minute, it becomes challenging to accurately measure the
PMT from the thermal image due to the fast rotation of PMs.
In fact, the measured temperature in Fig. 8(b) is close to the
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Fig. 11. Measurements in Test 2. (a) Speed. (b) Currents. (c) DQ1 frame
voltages. (d) DQ2 frame voltages.

Fig. 12. PMT estimation result in Test 2.

rotor temperature. For comparison purpose, this temperature is
regarded as the PMT, but the estimation error at the 60th minute
is less than 2.8 °C as shown in Fig. 12. At the end, the estimation
error is 1.5 °C. Hence, the proposed approach is capable of
effective PMT estimation. In Fig. 12, the estimated PMT based
on M1 is also compared. It can be observed from Fig. 12 that the
maximum estimation errors for M1 and M2 are 5.4 and 2.8 °C,
respectively, thus the M2 can achieve a better accuracy than M1,
which confirms with result in Test 1. This is mainly due to two
reasons. First, inverter distortion is compensated for M1, while
it is cancelled for M2. Therefore, any error in the parameters
used for compensating inverter distortion (e.g., Vdead) can affect
the estimation performance using M1, but it will not affect the
estimation performance using M2. On the other hand, in M1,
Vd1, Vq1, Vd2, and Vq2 are used, but in M2 only Vq1 and Vq2

are used. From (7), PMT variation will lead to the change of
Vq1, and the use of other voltages is to eliminate the winding
resistance. For M1, the use of Vd1, Vd2 and Vq2 will result in the
fact that the measurement noise and model uncertainty from D1,
D2, and Q2 frames will be introduced to affect the estimation
performance. However, for M2, the use of Vq1 and Vq2 can avoid
the influence from D1 and D2 frames. Hence, M2 can achieve
better accuracy and it will be used for PMT estimation in Test 3
and Test 4.

In Test 3, the motor speed is first set to 400 r/min and then
reduced to 200 r/min at the 60th minute, while the load torque is
66.5 Nm and reduced to 48.5 and 21 Nm at 60th and 80th minute

Fig. 13. Measurements in Test 3. (a) Speed. (b) Currents. (c) DQ1 frame
voltages. (d) DQ2 frame voltages.

Fig. 14. PMT estimation result in Test 3.

TABLE II
OPERATING CONDITIONS CONSIDERED IN TEST 4

respectively. As can be seen in Fig. 7, in the first hour, the load
torque is the same as that in Test 2, but the winding temperature
rise is more significant in Test 3, which is due to the increase of
motor losses at a higher speed. The measured thermal images
are shown in Fig. 8(c), which shows that the PMT is 24 °C at
beginning and 35 °C at the end.

The measurements are shown in Fig. 13, and the estimated
PMT is compared with the measured one in Fig. 14. The PMT
increases in the first hour and then decreases due to the reduction
of load torque. Moreover, when the load torque is reduced from
48.5 to 21 Nm, the temperature decrease rate is increased, which
is due to the further reduction in motor loss. As can be seen from
Figs. 7 and 14, the variation of PMT follows similar trend as that
of the winding temperature, and the estimation error is 0.6 °C at
the beginning, 1.8 °C at 30th minute, and 0.4 °C at 60th minute,
1.1 °C at 80th minute, and 1 °C at the end. The estimation error is
less than 2 °C, thus the proposed approach can achieve accurate
PMT estimation under various operating conditions.

In Test 4, four load conditions and two speeds are considered
as listed in Table II for temperature estimation in a short time
period. In this test, the motor speeds and load conditions are
measured and presented in Fig. 15, and the measured PMT is
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Fig. 15. Measured speed and torque in Test 4.

Fig. 16. DQ frame voltages with DQ2 frame currents injected in Test 4.

Fig. 17. PMT estimation results in Test 4.

40 °C. In order to estimate the PMT, the optimal DQ2 frame
currents in Fig. 3 are injected for each condition, and the corre-
sponding DQ1 and DQ2 frame voltages are presented in Fig. 16.
The estimated temperatures using M2 are shown in Fig. 17. The
estimation error under each condition is less than 5 °C, thus the
proposed approach can accurately estimate PMT under different
operating conditions.

C. Discussions on Voltage Variation and Torque Ripple

During motor operation, DQ1 frame currents are determined
by the load condition with a particular control strategy such
as maximum torque per ampere (MTPA) control, while DQ2

frame currents are selected to reduce/cancel the influence of
inverter distortion as discussed in Section III.B. From (7) Vq1

Fig. 18. Output torque with and without DQ2 frame current injection.

is dependent on both the winding and PMT, while Vd1, Vd2,
and Vq2 are dependent on winding temperature. For a particular
operating condition, as winding temperature increases, R will
increase, so Vd1, Vd2, and Vq2 will increase as well. However,
Vq1 is dependent on both winding and PMT, so its variation is
analyzed as follows. In (7), RIq1 increases as winding temper-
ature increases, while ωλ0 decreases as PMT increases. During
motor operation, both winding and PMT will increase, so the
variation of Vq1 is dependent on the variation of RIq1 + ωλ0.
At a low speed of 100 r/min, Vq1 in Fig. 9 increases as winding
temperature increases because the increase ofRIq1 is larger than
the decrease of ωλ0; while at a high speed of 300 r/min, Vq1 in
Fig. 11 decreases as PMT increases because the increase ofRIq1
is smaller than the decrease of ωλ0.

The output torque of the test motor before and after current
injection in DQ2 frame is compared in Fig. 18. It can be seen that
the injected currents have a negligible influence on the torque
ripple. The reason is as follows. According to [32], DQ2 frame
PM flux linkages contain only harmonic components, which will
interact with the injected DQ2 frame currents to produce the
torque ripple. However, the magnitudes of the injected currents
and PM flux linkage harmonics are both small, and thus the
induced torque ripple is negligible.

V. CONCLUSION

In this article, two estimation models are derived for DT-
PMSM PMT estimation based on current injection, in which
there is no need of resistance and inductances and the estimation
performance is independent from parameter variation. Since
currents are injected into DQ2 frame and the magnitudes of
which are small, so the induced machine loss is negligible. For
instance, in Test 2, the copper loss due to the injected current
occupies less than 0.1% of the machine output power, thus the
proposed approach has a negligible influence on the machine
efficiency. Moreover, the current injection is performed in a short
period, and the injected currents will be controlled back to zero
after data collection. Experimental results demonstrate that es-
timation model M2 can achieve a better estimation performance
owing to the cancellation of inverter distortion, while the model
M1 can achieve satisfactory estimation accuracy. The proposed
approach requires offline tests to construct the LUT and addi-
tional memory to store it. One can store α instead of all the
current and voltage measurements, which can reduce the LUT
size and computation required in the temperature estimation.
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The LUT plays an important role in cancelling the inductance
term in the proposed models and improving the robustness of
the proposed approach to magnetic saturation.

APPENDIX

According to [35], [36], the inverter voltage distortion on the
phase voltage can be denoted as

ΔV = [Δva Δvb Δvc Δvx Δvy Δvz]
T (50)

where Δvx denotes the distorted voltage on the phase x and
Δvx = Vdead sign(ix), where x = a, b, c, x, y or z and Vdead

denotes the distorted coefficient due to the deadtime effect.
The inverter voltage distortion in DQ frame can be calculated

from the phase distorted voltages by applying the transformation
matrix TDQ to (50), which is

ΔVDQ = TDQΔV

= VdeadTDQsign
(
[ia ib ic ix iy iz]

T
)
. (51)

Comparing (51) with (5), the inverter distorted coefficients
can be calculated from

[Dd1 Dq1Dd2 Dq2]
T = TDQsign([ia ib ic ix iy iz]

T ).
(52)

Substituting [ia ib ic ix iy iz] = T−1
DQIDQ with IDQ = [id1

iq1 id2 iq2]
T into (52) yields

[Dd1 Dq1 Dd2 Dq2]
T = TDQsign(T

−1
DQIDQ). (53)

HereT−1
DQ is the inverse of TDQ. Based on (53),Dd1, . . . , Dq2

can be calculated from⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

Dd1 = TDQ(:, 1)sign(T
−1
DQIdq)

Dq1 = TDQ(:, 2)sign(T
−1
DQIdq)

Dd2 = TDQ(:, 3)sign(T
−1
DQIdq)

Dq2 = TDQ(:, 4)sign(T
−1
DQIdq)

(54)

where TDQ(:, i) denotes the ith row of TDQ, i = 1, 2, 3, 4. From
(54), Dd1, . . . , Dq2 are functions of rotor position and stator
currents, and for a given IDQ they are functions of only rotor
position. The expressions ofDd1, . . . , Dq2 for id2 = iq2 = 0 are
given in [28], [35], which demonstrates that they are periodical
functions of the rotor position.

Fig. 19 presents Dd1, . . . , Dq2 with respect to the rotor posi-
tion under four different IDQ, in which there are N = 6280 data
points for each waveform for demonstration. It can be observed
from Fig. 19 that Dd1, . . . , Dq2 are periodical functions of rotor
position for a given IDQ, which agrees with above analysis and
results in other references. Hence, when the average values are
calculated by using the data points from one electrical cycle,
DD1, . . . , DQ2 will be independent from the rotor position.
Given an IDQ, Dd1, . . . , Dq2 are periodical functions of rotor
position, so their averages can be calculated by using the data
points from one electrical cycle in Fig. 19.

From (54), Dd1, . . . , Dq2 are independent from the deadtime
Tdead. However, the distorted voltage Vdead is dependent on

Fig. 19. Dd1, Dq1, Dd2 and Dq2 with respect to the rotor position for
a given IDQ (unit: A). (a) IDQ = [0 10 0 0]T . (b) IDQ = [−5 8.67 0 0]T .
(c) IDQ = [0 15 0 2]T . (d) IDQ = [−7.5 12.99 0 2]T .

Tdead, and according to [39], Vdead can be calculated from

Vdead = 0.25 ((Toff − Ton − Tdead)Vdc − 2Vce0 − 2Vd0)
(55)

where T on and T off are the turn-ON and turn-OFF time delays
of the switches, respectively; Vce0 and Vd0 are the threshold
voltages of the active switch and the freewheeling diode, re-
spectively, and Vdc is the dc bus voltage. In this article, Vdead is
experimentally estimated to be 0.5 V.

Proof to (11) and (12): R can be obtained from (10) as

R = γ (Vq2 − Vd2 − (DQ2 −DD2)Vdead) . (56)

Substituting R in (56) into (8), the result is

Vd1Id1 + Vq1Iq1 = γ (Vq2 − Vd2 − (DQ2 −DD2)Vdead) I
2
s1

+ ωIq1 (LΔId1 + λ0) + (Id1DD1 + Iq1DQ1)Vdead (57)

Equation (57) can be reorganized as

α1 = ωIq1 (LΔId1 + λ0) + κ1Vdead (58)

where α1 and κ1 are in (12). Hence, (11) and (12) are derived.
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