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High-Performance Adaptive Torque Control for an
IPMSM With Real-Time MTPA Operation

Qian Liu and Kay Hameyer, Senior Member, IEEE

Abstract—In this paper, a high-performance torque control
scheme of an interior permanent magnet synchronous machine
(IPMSM) is introduced, which focuses on both steady state and
transient torque dynamics of the IPMSM under the maximum
torque per ampere (MTPA) condition. For the proposed control
scheme with model-based torque correction, an accurate and effi-
cient torque control with robust torque response can be achieved
for the MPTA operation. Global stability and performance of the
proposed torque control scheme are theoretically guaranteed. The
current limitation of the IPMSM is easily handled without anti-
windup and without degrading the torque dynamics or stability
even the torque demand is beyond the maximum reachable torque.
Implementation issues of the proposed control scheme to the real
IPMSM plant with parameter variation are discussed. With the
compensation of the linear and nonlinear inverter voltage drop, a
robust and accurate torque response for the real-time MTPA op-
eration can be achieved by an adaptive current control and online
parameter estimation. The simulation and experimental results
validate the safety and high performance of the proposed torque
control scheme.

Index Terms—Adaptive torque control, current limitation,
IPMSM, model reference adaptive system, real time MTPA, on-
line parameter estimation, self torque correction, safety, transient
dynamics.

NOMENCLATURE
β MTPA angle of current.
β∗ Reference MTPA angle with i∗s .
d̂ Estimated disturbance voltage vector.
d Vector of disturbance voltages.
εd , εq Model uncertainty in inverter and PMSM.
ψ̂F Estimated flux linkage of PMSM.
L̂d , L̂q Estimated d- and q-axis inductance.
R̂ Estimated resistance of PMSM.
ψF Flux linkage of PMSM.
ψF 0 Nominal flux linkage of PMSM.
τ Time constant of current closed loop.
dd, dq Disturbance voltage in d- and q-axis.
fpwm Carrier frequency of inverter.
id , iq Current in d- and q-axis.
i∗d , i

∗
q Reference current in d- and q-axis.
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is Amplitude of stator current.
i
′
s Current amplitude out of torque correction.
i∗s Reference amplitude after limitation.
imax Maximum current of PMSM.
k Parameter of self-torque correction.
Ld, Lq d- and q-axis inductance.
Ld0 , Lq0 Nominal d- and q-axis inductance.
p Pole pair number of PMSM.
R Resistance of PMSM.
R0 Nominal resistance of PMSM.
T1 Electromagnetic torque of ideal PMSM.
T2 Torque out of low pass filter.
Te Electromagnetic torque of PMSM.
T

′
e Maximum torque at reference current i∗s .
T ∗
e Reference torque.
tlin Linear delay of PMSM drive system.
Tmax Maximum torque of PMSM.
ts Sampling time of controller.
ttotal Integrated time delay of inverter.
ud, uq Voltage in d- and q-axis.
VDC DC-link voltage of inverter.
Verr Nonlinear voltage distortion of inverter.

I. INTRODUCTION

NOWADAYS the PMSM is very popular in industry ap-
plications. When compared to the other electrical ma-

chines, it has several advantages such as higher efficiency, higher
torque density and better controllability. Since the PMSM is fre-
quently used as the traction actuator, an efficient and high per-
formance torque control is important for the PMSM. Different
from the surface mounted PMSM (SPMSM), there is magnetic
anisotropy in the IPMSM, which results in reluctance in the d-
and q-axis. The torque of the IPMSM is not only produced by
the synchronous torque from the q-axis current, but also by the
reluctance torque from the d-axis current. An optimum combina-
tion of the the d- and q-axis current exists for the IPMSM to min-
imize the stator current for a fixed torque level. This optimum
condition, named as MTPA, minimizes the copper losses of the
IPMSM during the operation. On the other hand, the strong non-
linearity for the torque and current in the MTPA condition leads
to the difficulty for a global high performance torque control.

The key point of the torque control under MTPA condition
of the IPMSM is to obtain the reference current values for a
given torque. In order to realize a real time MTPA operation,
the optimum combination of the d- and q-axis currents should
be found in real time. The constraint leading by the MTPA con-
dition contains strong nonlinearity between the dq-axis currents
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and the torque, which can be solved analytically by the Ferraris
solution for the quartic equations [1]. However, a complicated
recursive process is required to deal with the current limitation
when the analytical solution of the MTPA condition is utilized.

Besides the analytical solution for the MTPA condition, the
optimum reference current can be calculated online or offline by
using the machine parameters and the MTPA equation [2]–[10].
For the offline procedure, the optimum reference dq-axis
currents are numerically calculated offline at each torque level,
which are stored in the look-up table (LUT) for the vector con-
trol [2]–[4]. The LUT approach requires accurately measured
machine parameters for an accurate torque control. Therefore,
the magnetic saturation and demagnetization of the PMSM lead
to massive offline measuring and calculation when the LUT is
implemented. The online procedure calculates the current refer-
ence using an outer loop controller and the MTPA condition [5]–
[10]. In this approach, the nonlinear constraint for the current
and torque under MTPA condition is loosed so that the reference
dq-axis current vector can be obtained online without large
computational cost [6]–[9]. In [10], a normalized torque-current
relationship is introduced to reduce the real time calculation for
the MTPA condition so that an accurate torque control can be
realized. In [11], the nonlinearity of the MTPA condition can
be reduced by a virtual factor to improve the performance of
the controller.

Accurate machine parameters are required for the online
tracking of the MTPA condition mentioned above to achieve the
accurate torque control in real time. Both offline measured [6]
and online estimated [7]–[10] of the machine parameters are
convenient to be combined with the on-line calculation of the
current reference. In order to realize a real time tracking of the
machine parameters, different online estimation algorithm such
as affine projection algorithm (APA) [7], recursive least square
(RLS) [8], [9] and the model based low pass filter [12], [13]
are introduced for the MTPA torque control. In order to en-
sure the estimated parameters to converge to the correct values,
the rank-deficient problem should be avoided [14]. To prevent
the ill condition for the estimation, most of the references assume
part of the parameters of the PMSM plant to be constant [7],
[8], [15]. Full estimations for all parameters of the PMSM are
proposed with high frequency current injection in the d-axis
[9], [14].

In recent years, a direct real time tracking of the MTPA con-
dition is developed based on the extremum seeking control with
signal injection (ESC) [16]–[19] or virtual signal injection [20].
This online tracking is independent on parameters so that no
parameter estimator is required. However, this approach focus
on efficient control instead of accurate torque control [10]. On
the other hand, in most of the aforementioned control schemes,
the safety, stability and transient torque dynamics for the torque
control under MTPA condition are not considered, especially
with parameter mismatch. In [21], the idea for the torque dy-
namics of the PMSM with MTPA operation using self-torque
correction is mentioned. However, it lacks both theoretically
proof for the general stability and robustness and the experi-
mental validation.

This paper focuses on a high performance adaptive self-torque
correction scheme with real time MTPA operation, which is an

extension of [21] with both theoretical and practical improve-
ments. Compared to the aforementioned existing torque control
schemes under MTPA condition, the proposed control scheme
can achieve both efficient and accurate torque control simul-
taneously with high level robustness and satisfactory transient
dynamics. An online RLS parameter estimator is embedded in
the proposed control scheme for the real time accurate torque
control with MTPA condition. When compared to [21], a more
general self-torque correction scheme is proposed in this paper
to ensure the fast dynamics of the torque. Besides, completely
theoretical proofs for general stability and performance of the
torque controller with current limitation and parameter mis-
match, which are the essential and critical parts for the controller
design, are given in this paper. Moreover, the implementation
issues of the proposed control scheme to the real PMSM drive
system such as the linear and nonlinear effects of the inverter are
considered to guarantee the feasibility and effectiveness. Both
simulation and experimental results validate the high perfor-
mance of the proposed control scheme.

II. MODEL OF THE PMSM

The model of a 3-phase PMSM can be described in the syn-
chronous dq reference frame using amplitude invariant Park
Transformation, which is shown by the following equations:

ud = Rid + Ld
did
dt

− ωLq iq + εd (1)

uq = Riq + Lq
diq
dt

+ ω(Ldid + ψF ) + εq (2)

Te =
3p
2

(ψF + (Ld − Lq )id)iq , (3)

whereR,Ld ,Lq andψF denote the real stator resistance, induc-
tances and the magnetic flux linkage of the PMSM respectively.
p is the pole pair number. Since the inverter is non-ideal voltage
source for the PMSM and contains nonlinear voltage distortion,
the impact of uncertainties from the inverter has to be considered
into the system model of the PMSM drive system for the con-
troller design. The εd and εq denote the model uncertainties such
as the inverter effects and high order harmonics without loss of
generality. However, this paper is not aimed for the torque ripple
reduction so that the high order harmonics and cogging torque
are not specifically considered. Considering the parameter vari-
ation, the model of the PMSM (1) (2) can be reformed into a
general form, which is convenient for the controller design [22]:

i̇ = A0i + B0(us + ue − d), (4)

where the parameters and variables in eq. (4) are defined as:

i =

[
id

iq

]
, us =

[
ud

uq

]
, ue =

[
ωLq0iq

−ω(Ld0id + ψF 0)

]
,

d =

[
dd

dq

]
, A0 =

[− R0
Ld 0

0

0 − R0
Lq 0

]
, B0 =

[ 1
Ld 0

0

0 1
Lq 0

]
.

Here R0 , Ld0 , Lq0 and ψF 0 are the fixed nominal parameters
of the PMSM. The vector d = [dd, dq ]T is an integrated model
error in both d- and q-axis, which varies with the operating
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condition and is unmeasurable. The detailed expression of d
can be described by the following equations [22]:

dd = ΔRid + ΔLd
did
dt

− ΔLqωiq + εd , (5)

dq = ΔRiq + ΔLq
diq
dt

+ (ΔLdid + ΔψF )ω + εq , (6)

where ΔR = R−R0 , ΔLd = Ld − Ld0 , ΔLq = Lq − Lq0
and ΔψF = ψF − ψF 0 . The model (4) contains all the system
uncertainty without loss of generality.

By neglecting the system uncertainty in the PMSM drive
system (d = 0), the basic vector controller of the PMSM is
realized by a PI controller:

u∗d =
Ld0

τ
Ed +

R0

τ

∫
Eddt− ωLq0iq , (7)

u∗q =
Lq0
τ
Eq +

R0

τ

∫
Eqdt+ ω(Ld0id + ψF 0), (8)

whereEd = i∗d − id andEq = i∗q − iq . ∗ stands for the reference
value. The closed loop systems for the d- and q-axis with vector
control can be approximated by a low pass filter:

id(s) =
1

1 + τs
i∗d(s) (9)

iq (s) =
1

1 + τs
i∗q (s), (10)

The time constant τ is the adjustable time constant, which de-
termines the frequency bandwidth of the closed current loop.

III. MTPA TORQUE CONTROL WITH SELF-CORRECTION

The proposed torque control with MTPA condition designed
based on the ideal model of the IPMSM at first, which is by
neglecting the system uncertainty and parameter variation. The
following two assumptions are made in this section to simplify
the introduction of the proposed torque control scheme:

1) the parameters of the IPMSM are considered as known
constants: ΔLd = ΔLq = ΔψF = 0.

2) the current dynamics (9) and (10) are always true.
According to equation (3), with the reluctanceLd − Lq , min-

imum copper losses of the IPMSM can be realized with an
optimum current vector for the desired electromagnetic torque.
Denote β as a phase angle of the stator current is. The MTPA
condition is reached at a global extreme for the torque Te and
the phase angle β:

∂Te
∂β

=
3p
2

[(Lq − Ld)i2s cos(2β) − ψF is sin(β)] = 0 (11)

id = −is sin(β), iq = is cos(β). (12)

By solving the MTPA constraint (11), the relation between

is =
√
i2d + i2q and the angle β can be obtained [9]:

β = sin−1

(
−ψF +

√
ψ2
F + 8(Lq − Ld)2i2s

4(Lq − Ld)is

)
. (13)

The relation of the torque and current (3), (12) and (13) con-
tains strong nonlinearity between the torque and the stator cur-
rent. Therefore, it is costly to determine is and β simultaneously

Fig. 1. Torque control with MTPA using model tracking.

and analytically for a given torque. On the other hand, if a outer
loop controller is introduced to produce the current reference, it
is difficult to design a PI torque controller which guarantees the
global stability and performance due to the nonlinearity [11].

To achieve a high performance torque control with MTPA
condition, a control scheme shown in Fig. 1 is designed for
an ideal IPMSM drive system under assumptions 1) and 2). In
the figure, p is the pole pair number and k ≤ 1.5 is a constant
controller parameter determining the torque dynamics. Using
the torque equation (3) and the current dynamics (9) (10), the
torque T1 of a well current controlled IPMSM with MTPA
condition can be described as a second order linear system [21]:

τ 2 T̈1 + 3τ Ṫ1 + 2T1 = 2T
′
e , (14)

here T1 is the torque of the PMSM plant, T
′
e is defined by

T
′
e =

3p
2

[ψF + (Lq − Ld)i∗s sin(β∗)] cos(β∗)i∗s . (15)

Here β∗ is the corresponding optimum current phase angle with
the stator current i∗s . With the torque dynamics (14), a self-
correction process is utilized to obtain the optimum reference
current i∗s for a high performance torque control, which is shown
in Fig. 1. A low pass filter is inserted for the model based torque
correction with following transient dynamics:

τ Ṫ2 + T2 = T+
e (16)

T+
e =

{
kpψF sign(i

′
s)imax if|i′s | > imax

T ∗
e − ΔT otherwise

(17)

ΔT = T1 − T2 = T ∗
e − kpψF i

′
s , (18)

where τ is the time constant of the current closed loop and
T2 is the torque response out of the low pass filter in Fig. 1.
imax is the maximum amplitude of the stator current. T ∗

e is the
desired reference torque. Since the cases i

′
s ≤ 0 and i

′
s ≥ 0 are

symmetrically the same, only the discussion for i
′
s ≥ 0 is shown

here. Denote Tmax as the maximum reachable torque due to the
current limitation imax . To discuss the dynamics of the torque,
the following Lemma is proven.

Lemma 3.1: If neglecting the current limitation, the refer-
ence current i∗s converges asymptotically to its optimum value
for the MTPA condition, which is the equilibrium point of the
nonlinear equation T

′
e = T ∗

e . Meanwhile, the torque T
′
e con-

verges to the reference value T ∗
e asymptotically with the con-

vergence time fast than or equal to k
1.5 τ .
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Fig. 2. Proposed adaptive torque structure with MTPA self-correction.

The proof of Lemma 3.1 is shown in Appendix VII-A, which
is a more general case when compared to the conclusion in [21].
From Lemma 3.1, when the current limitation is not reached
and k ≤ 1.5 holds, the convergence time k

1.5 τ for the torque T
′
e

to T ∗
e can be much faster than the one for T1 to T

′
e in eq. (14).

Consequently, the transient dynamics that T
′
e converges to T ∗

e

can be considered as a fast inner loop for the torque dynam-
ics (14) of the IPMSM. Therefore, the torque T1 converges to
the its reference T ∗

e with guaranteed transient performance.
Considering the current limitation, when the current i

′
s ex-

ceeds the maximum allowed current i
′
s > imax , i∗s = imax and

T
′
e = Tmax . Using equations (14) and (16), the following equa-

tion holds:

τ 2 ï
′
s + 3τ i̇

′
s + 2i

′
s = 2i+s

i+s = imax +
T ∗
e − Tmax

kpψF
. (19)

Here i+s in eq. (19) is a constant. i
′
s converges asymptotically

towards the value i+s with the same convergence rate that the
torque T1 converges to T

′
e . If the desired torque T ∗

e > Tmax , the
current i

′
s is larger than imax and i∗e = imax . In this case, T

′
e =

Tmax always holds and T1 converges to the maximum torque
Tmax asymptotically. On the other hand, if T ∗

e < Tmax , it can be
divided in to two stages. In the first stage, i

′
s reduces according

to the convergence rate that the torque T1 converges to T
′
e until

it reaches i
′
s = imax . Then i

′
s converges to its optimum value

within the current limitation and T
′
e converges to T ∗

e according
to Lemma 3.1. In this case, the convergence rates of both stages
are faster than or equal to the one that T1 converges to T

′
e .

Therefore, the transient dynamics that T
′
e converges to T ∗

e is still
a fast inner loop for the torque dynamics (14) of the IPMSM,
which guarantees the transient performance of the torque T1 .

With the discussion above, it can be concluded that when the
assumptions 1) and 2) are fulfilled, the torque control scheme
for MTPA operation in Fig. 1 has guaranteed steady state and
transient torque performance. The current amplitude i∗s and the
corresponding phase angle β∗ converge to the optimum values
of the MTPA condition for the given torque T ∗

e . Therefore,
both MTPA condition and high performance torque control can

be achieved. The current limitation is easily handled without
any additional adjustment of the reference torque T ∗

e such as
anti-windup. When the reference torque T ∗

e can not be reached,
the current and the torque of the IPMSM will stay at their
maximum reachable values without stability problem. On the
other hand, the current limitation has limited influence on the
torque dynamics.

IV. IMPLEMENTATION ON THE REAL IPMSM WITH

PARAMETER VARIATION

The self-correction torque control described in Section III can
achieve a high performance torque dynamics for the IPMSM
with parameter variation. The key point is that the two assump-
tions 1) and 2) in Section III are fulfilled for the real IPMSM
drive system. It can be noticed, when the assumption 1) is re-
alized, the accurate current phase angle is calculated for the
real MTPA condition. The assumption 2) is to ensure the torque
dynamics of the IPMSM. For assumption 2), an adaptive cur-
rent control using model reference adaptive system (MRAS)
can enforce the closed current loop to behave as a low pass filter
which described in (9) and (10). The assumption 1) can be real-
ized by a fast online parameter estimation or stored LUT of the
machine parameters for different operating conditions. There-
fore, both assumptions in Section III can be fulfilled for the
implementation in the real IPMSM drive system. Therefore,
the high performance torque control for the IPMSM with
real time MTPA condition can be realized. In this paper, on-
line parameter estimation is utilized to fulfill assumption 1).
The proposed torque control scheme for the real IPMSM with
parameter variation is shown in Fig. 2. According to the proof
of Lemma 3.1, the constant k is chosen with the boundary k ≤
1.5ψF ,m in

ψF 0
to ensure that the convergence rate of torque reference

T ∗
e is faster than the one of the current closed loop. Here ψF,min

denotes the lower bound of the flux linkage of the IPMSM dur-
ing the operation. Moreover, a small k leads to fast convergence
of the reference torque and therefore the fast dynamics of the
torque Te . However, the k can not be too small considering
the noise in the estimation and measurement. The optimum k
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can be determined by tuning in the experiments to trade-off the
torque dynamics and noise level.

A. Adaptive current control using MRAS

The block diagrams which are enclosed by the dashed line
in Fig. 2 present the adaptive current controller. The detailed
design and analysis of the current controller and the descrip-
tion of the variables in Fig. 2 for the current controller can be
found in [21] and [23]. With the adaptive current controller, the
current loop of the IPMSM plant performs approximately in
the same way as the desired low pass filter (9) and (10). Since
all the parameter mismatch are considered within the the inte-
grated system disturbance d, the parameter mismatch such as
saturation and cross-coupling has very limited influence on the
performance of the adaptive current controller, if the dynamics
of the adaptation process is designed fast enough. Meanwhile,
the integrated system disturbance d can be estimated according
to the adaptation procedure.

B. Digital signal processor (DSP) and inverter effect

For accurate parameter estimation, the current and terminal
voltage of the IPMSM plant are required for the estimation
algorithm. In the real PMSM drive system, no voltage sensor is
provided to measure the terminal voltage of the PMSM out of the
inverter. Instead, the voltage us out of the current controller is
utilized. Therefore, the voltage distortion between the reference
voltage out of the current controller and the real voltage of the
PMSM out of the inverter, which is caused by the DSP and
inverter, has to be compensated.

Neglecting the high order harmonics, the main effects of the
DSP and the inverter are composed by several time delays on
the phase voltages [24]: the turn-on time ton , turn-off time toff
and the artificially imposed delay td of the IGBT during the
transition; sampling delay of the voltage due to the space vector
modulation tsvm ; delay due to the current measuring tmeas such
as filtering delay; calculation delay of the DSP tdsp . These time
delays result in both linear delay and nonlinear voltage drop
on the voltage us out of the current controller. The nonlinear
voltage drop Verr,j , j = a, b, c in each phase is caused by the
ton , toff and td , which can be estimated by an integrated time
delay ttotal [25]:

Verr,j = V ∗
j − Vj

≈
[
Vs + Vd

2
+

V ∗
j

VDC
+ VDC fpwm ttotal

]
sign(ij ),

(20)

where V ∗
j and Vj denote the reference and real voltage on phase

j (j = a, b, c). ij is the measured current of phase j. Vd and Vs
are the diode and IGBT forward voltages respectively. VDC is
the DC-link voltage of the inverter. fpwm is the carrier frequency
of the inverter. The integrated time delay ttotal can be measured
and stored in the look-up table by using the method described
in [25]. The voltage drop Δuαβ in the αβ coordinate system is

calculated by:

Δuαβ =
2
3

⎡
⎢⎢⎣

1 −1
2

1
2

0
√

3
2

−
√

3
2

⎤
⎥⎥⎦
⎡
⎢⎣
Verr,a

Verr,b

Verr,c

⎤
⎥⎦. (21)

The estimated nonlinear voltage drop Δuαβ is compensated in
the control scheme according to Fig. 2.

The linear delay of the DSP and inverter can be inte-
grated by one single time constant tlin , which is calculated
by tlin = tsvm + tmeas + tdsp . For the symmetrical SVM, the
time delay of the voltage sampling tsvm due to the zero-
order-holder is 1/(2fpwm). The delay due to the calculation
of the digital processor tdsp is one period of the sampling time
of the digital controller ts , which is tdsp = ts . The delay due to
the current measuring tmeas depends on the interruption delay
of the current measurement and the frequency band of the low
pass filter, which can be different according to the configuration
of the drive system. The linear delay tlin results in the phase lag
Δθ = tlinω on the voltage, which can be compensated by the
dq to αβ transformation in Fig. 2.

C. Estimation of the parameters and torque

To achieve an accurate torque control and the real MTPA
operation, the real time parameters of the IPMSM should be
updated to the calculation of the phase angle β∗ in eq. (13)
for the corresponding current reference i∗d and i∗q . The optimum
phase angle β∗ is based on the estimated inductancesLd ,Lq and
the flux linkageψF , which are current dependent in the IPMSM.
On the other hand, the ohmic resistance R and the flux linkage
ψF vary with the temperature. However, for secure parameter
estimation without potential rank-deficient problem, two pa-
rameters can be estimated online for the PMSM without extra
signal injection. The relationship between the resistance R and
the temperature is described by the following equation:

R = RT 0(1 + α(T − T0)). (22)

where RT 0 is the resistance at the temperature T0 . α is the
temperature coefficient of the resistance. For the copper wind-
ings, the coefficient α = 3.93 ∗ 10−3/C◦, which is very small.
The temperature increment is limited by the cooling and the
resistance of the IPMSM varies slow with the temperature. On
the other hand, for the high efficiency PMSM, the resistance R
is small. It has limited influence on the behavior of the PMSM
when the speed is above a certain level. Therefore, the stator
resistance R is considered as a constant in this paper.

Since the magnetic path in the d-axis is much longer than the
one in q-axis for the IPMSM. The variation of Ld due to the
saturation is much smaller than the one on Lq [1], [15]. In [26],
it shows that the variation of Ld is very small for different
rotor topologies considering cross-coupling effect. Fig. 3 shows
the measured saturation effects of Ld and Lq for an IPMSM
depending on different current levels. It can be noticed that the
saturation effect on Ld is very small. On the other hand, the
variation range of the q-axis current iq is larger than the one of
the d-axis current id in the IPMSM for the MTPA operation.

Authorized licensed use limited to: Universitaetsbibliothek der RWTH Aachen. Downloaded on August 19,2020 at 12:25:30 UTC from IEEE Xplore.  Restrictions apply. 



576 IEEE TRANSACTIONS ON ENERGY CONVERSION, VOL. 32, NO. 2, JUNE 2017

Fig. 3. Measured inductances Ld and Lq with varying current.

The flux linkage ψF has the dominant influence on the torque
dynamics. Therefore,Ld can be considered as a constant in order
to avoid the rank deficient problem for the parameter estimation.

The RLS algorithm is utilized in this paper to estimated the
q-axis inductance Lq and the flux linkage ψF . The RLS with
a forgetting factor compromises the convergence rate and the
noise level of the estimated parameters. The RLS algorithm is
described by the following equations:

θ̂(n) = θ̂(n− 1) + K(n)(y(n) − ϕT (n)θ̂(n− 1))

K(n) = P (n− 1)ϕ(n)(λI + ϕT (n)P (n− 1)ϕ(n))−1

P (n) =
1
λ

(I − K(n)ϕT (n))P (n− 1),

where y = ϕT θ is the system description. y and ϕ are the
outputs and states; θ and θ̂ are the real and estimated parameter
vectors respectively. λ is a positive forgetting factor, which is
chosen less than 1 and presents the trade-off between conver-
gence rate and the noise filtering.

In the proposed control scheme, the estimated system dis-
turbance from the adaptive current controller, which is denoted
by d̂, is utilized to estimated Lq and ψF . According to the
adaptive control, the estimated system disturbance d̂ tracks
the real value d fast enough so that d̂ = d can be assumed. The
advantage of using d̂ instead of us is to reduce the influence
of the transient dynamics did/dt to the parameter estimation.
Since the inverter and DSP effects are compensated in the con-
trol scheme, the system disturbance d only contains the voltage
error caused by the parameter variation of the IPMSM. Consid-
ering equations (5) (6) by by assuming ΔR = 0 and ΔLd = 0,
the following discrete system can be obtained:[

tsdd(n)

tsdq (n)

]
=

[ −tsωiq (n) 0

iq (n) − iq (n− 1) tsω

][
ΔLq

ΔψF

]
. (23)

Equation (23) is directly applied to the RLS algorithm. The es-
timation considering the current difference iq (n) − iq (n− 1)
can increase the convergence rate of the estimated parame-
ters [21]. Using the estimated parameter variation ΔL̂q and
Δψ̂F with RLS algorithm, the real time q-axis inductance
and the flux linkage can be obtained by L̂q = Lq0 + ΔL̂q and
ψ̂F = ψ̂F 0 + Δψ̂F . The estimated torque T̂e of the PMSM
is obtained by the equation (24) using the estimated machine

TABLE I
PARAMETERS OF THE IPMSM

Rated current imax 2.3 A
Rated torque Tmax 1.23 Nm
DC-link voltage VDC 60 V
Rated speed (mechanical) ωm ,N 500 rpm
Pole pair number p 4
Stator resistance Rs 3.3Ω
d-axis inductance Ld 16 mH
q-axis inductance Lq 20 mH
Flux linkage ψF 0.0886 Vs/rad

parameters.

T̂e =
3p
2

(ψ̂F + (L̂d − L̂q )id)iq . (24)

D. Influence of the inaccurate machine parameters

Due to the imperfect compensation of the inverter effect and
the resistance increment, it is possible that the estimated pa-
rameters of the PMSM are deviated from their real values at
low speed. However, the assumption 2) in Section III can al-
ways be achieved since the current control loop using MRAS
is parameter independent. In this case, taking the derivative of
equation (24), the dynamics of the estimated torque T̂e can be
described by the following equation:

τ 2 ¨̂
Te + 3τ ˙̂

Te + 2T̂e = 2T
′′
e , (25)

where T
′′
e is calculated by the estimated parameters:

T
′′
e =

3p
2

[ψ̂F + (L̂q − L̂d)i∗s sin(β∗)] cos(β∗)i∗s . (26)

Equations (25) and (26) have the same form as equations (14)
and (15). Using the same proof for the Lemma 3.1, it can be
concluded that the torque T

′′
e converges asymptotically to T ∗

e

without the current limitation and the reference current i∗s con-
verges to the solution of the equation T

′′
e = T ∗

e asymptotically.
The convergence time of T

′′
e to T ∗

e is faster than or equal to
k τ ψF 0

1.5ψ̂F
. Similar with the analysis in Section III, the inaccu-

rate machine parameters have no impact on the stability of the
system and limited influence on the torque dynamics. However,
the current reference may deviate from the MTPA condition and
steady state torque error may exist due to the inaccurate parame-
ters. For the dynamic torque response, only the flux linkage drop
slows down the convergence rate of the torque when compared to
the case without parameter error. However, a sufficiently small
coefficient k can be chosen to guarantee the convergence rate
of T

′′
e .

V. SIMULATION RESULTS

The simulation model is implemented in Matlab/Simulink to
validate the theoretical statements of the torque dynamics for
the proposed control scheme. The parameters of the IPMSM
are collected in Table I. The controller is implemented as the a
digital controller. The sampling frequency for the controller and
the switching frequency of the inverter is 8 kHz. A symmetric
SVM is applied to the inverter. In the simulation, the inverter
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Fig. 4. Simulation results without parameter error of the IPMSM.

and the IPMSM plant are simulated as continuous systems by
using a step size 0.3125 μs, which is much smaller than the
sampling time of the controller. The current and speed are mea-
sured by the zero-order-holder at 8 kHz. The time constant of
the inner current loop is chosen to τ = 0.01 s. In this paper, the
lower bound of the flux linkage ψF is set to 1

2ψF 0 . According
to the analysis in Section IV, the constant k is chosen to 0.75.
The speed of the IPMSM vary from 100 rpm to its rated value
500 rpm. In the real case, the parameters of the IPMSM plant
can not be artificially manipulated. Therefore, the nominal pa-
rameters are chosen to different values to emulate different situ-
ations with and without parameter mismatch in both sections for
simulations and experiments.

Fig. 4 shows the simulation results without parameter mis-
match of the IPMSM, which is R0 = R, Ld0 = Ld , Lq0 = Lq
andψF 0 = ψF for the nominal parameters. It can be noticed that
the reference current i∗s as well as the i∗d and i∗q converge to the
optimum values of the MTPA condition asymptotically, which
validates the theoretical conclusions in Section III. The torque
of the IPMSM Te approaches to the reference value asymp-
totically. When the torque reference is unreachable, the torque
Te stays at the maximum torque while the stator current i∗s is
limited to its maximum value.

In Fig. 5, the simulation results of the torque and current
are shown with inductance and flux linkage error: Lq0 = 2Lq
and ψF 0 = 2ψF . The chosen nominal parameters Lq0 = 2Lq
and ψF 0 = 2ψF represents 50% inductance drop due to satu-
ration effect and 50% flux linkage drop respectively. The esti-
mated parameters are shown in Fig. 6. It can be noticed that the

Fig. 5. Simulation results with inductance and flux linkage errors:Lq 0 = 2Lq
and ψF 0 = 2ψF .

Fig. 6. Estimated parameters with inductance and flux linkage errors: Lq 0 =
2Lq and ψF 0 = 2ψF .

parameter errors result in small influence on the torque and cur-
rent dynamics. The estimatedLq andψF converge to the correct
values in a short time. Before the estimated Lq and ψF are sta-
bilized, the convergence of the current and torque is slowed
down. However, due to the short time convergence of the es-
timated parameters, the performance of the torque and current
are still satisfied. After the estimated Lq and ψF are stabilized,
the torque and current of the IPMSM perform as well as without
parameter errors.

In order to show the effectiveness of the self-torque correc-
tion, the simulated torque response of the torque control with
and without self-torque correction are shown in Fig. 7. Both
cases are simulated without parameter mismatch of the IPMSM.
For the case without self-torque correction, the feedback torque
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Fig. 7. Simulation results of torque response with and without self-torque
correction.

correction ΔT in Fig. 1 is removed, while the current control
loop remains unchanged for a fair comparison. It is shown in
Fig. 7 that without the self-torque correction, the torque of the
IPMSM deviates far from the desired reference torque.

VI. EXPERIMENTAL RESULTS

In order to show the feasibility and the performance of the
proposed control scheme in the real IPMSM drive system, sev-
eral experiments are made for the IPMSM with parameters in
Table I. The offline measuredLd at iq = 2 A andLq at id = −0.3
A due to the saturation effect are shown in Fig. 3. The cross
coupling effect of the test IPMSM is shown by Fig. 15 in
Appendix VII-B after 3D finite element analysis. The cross
coupling effect is very small and therefore can be neglected.
The controller is implemented in the dSPACE rapid control pro-
totyping system (DS1103). The configuration of the controller
in the experiments is set as the same as the one for the simu-
lation in Section V. The speed of the IPMSM is controlled to
300 rpm by a load machine. In the experiments, the accuracy
of the torque control is verified by the its mean value, while the
accuracy of the MTPA condition is shown by the accuracy of
the estimated parameters.

Fig. 8 and fig. 9 show the experimental results for the con-
troller with nominal parameters which equal to the one in
Table I. It is approximately the case without parameter errors.
From these figures, it can be noticed that the performance of
the current and torque coincides the theoretical conclusion. In
Fig. 8, the reference current i∗s converges to the optimum value
under MTPA condition asymptotically so that the torque Te of
the IPMSM approaches to 1 Nm with high performance. The
mean value of Te stays at 1 Nm in steady state, which shows
the accuracy of the torque. The estimated Lq in steady state is
19.35 mH at iq = 1.88 A, which is with 2.3% displacement
from the offline measured value 18.92 mH. The estimated ψF
is 0.0881 Vs/rad. In Fig. 9, when the torque reference is un-
reachable, The current stays at the maximum current as well as
the mean value of torque Te stays at the maximum reachable
value 1.23 Nm without degrading the system stability and the
torque dynamics. The estimated Lq in steady state is 18.7 mH
at iq = 2.29 A, which has less than 1% error from the offline
measured value 18.74 mH.

Fig. 10 and fig. 11 show the experimental results with pa-
rameter error Lq0 = 40 mH, which is approximately double
of the real q-axis inductance Lq . In Fig. 10, it can be no-
ticed, with the proposed self torque correction, the system is
stable with smooth torque response when using the wrong
inductance of the IPMSM. Therefore, the control scheme is

Fig. 8. Experimental results with Lq 0 = Lq and ψF 0 = ψF at T ∗
e = 1 Nm.

Fig. 9. Experimental results with Lq 0 = Lq and ψF 0 = ψF at T ∗
e

= 1.5 Nm.

Authorized licensed use limited to: Universitaetsbibliothek der RWTH Aachen. Downloaded on August 19,2020 at 12:25:30 UTC from IEEE Xplore.  Restrictions apply. 



LIU AND HAMEYER: HIGH-PERFORMANCE ADAPTIVE TORQUE CONTROL FOR AN IPMSM WITH REAL-TIME MTPA OPERATION 579

Fig. 10. Experimental results with Lq 0 = 40 mH at T ∗
e = 1 Nm and without

online parameter estimation.

Fig. 11. Experimental results with Lq 0 = 40 mH at T ∗
e = 1 Nm.

safe for the implementation. However, with the parameter er-
ror, the operating point of the IPMSM deviates from the real
MTPA condition, which results in steady state torque error. In
Fig. 11, when with the online parameter estimation, the torque
Te of the IPMSM approaches to the reference value 1 Nm. No
steady state error exists between Te and T ∗

e . Moreover, the es-
timated Lq is 19 mH at iq = 1.89 A and the estimated ψF is
0.0877 Vs/rad, which is approximately the same as the one in
Fig. 8. It indicates that the IPMSM operates closely around
the optimum MTPA point. The estimated parameters converge
to the real values within 50 ms. When compared to Fig. 8,

Fig. 12. Experimental results with ψF 0 = 0.1772 Vs/rad at T ∗
e = 1 Nm and

without online parameter estimation.

Fig. 13. Experimental results with ψF 0 = 0.1772 Vs/rad at T ∗
e = 1 Nm.

the error of the q-axis inductance only has slight influence
on the transient dynamics on the current reference i∗s and the
torque Te .

Figs. 12 and 13 show the experimental results at 1 Nm with
parameter error ψF 0 = 0.1772 Vs/rad, which is approximately
double of the real flux linkageψF . When without parameter esti-
mation and with the wrong flux linkage, the torque deviates from
the reference value. However, the PMSM drive system is still
stable and the torque response is still smooth, which shows the
safety and robustness of the proposed torque correction scheme.
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Fig. 14. Experimental results with ψF 0 = 0.1772 Vs/rad at T ∗
e = 1.5 Nm.

With the online parameter estimation, the estimated Lq and ψF
are stabilized within about 30 ms. The estimated Lq and ψF are
18.7 mH at iq = 1.9 A and 0.875 Vs/rad respectively. The torque
Te of the IPMSM approaches to the reference value T ∗

e and has
mean value 1.01 Nm in steady state. The small steady state
torque error is caused by the slight deviation of the estimated
parameters, which can be resulted by the resistance increment.
When compared to the transient dynamics for the no error case
in Fig. 8, the convergence times of the current reference i∗s and
the torque Te increase with the flux linkage error, which val-
idates the analysis in Section IV-D with the doubling of ψF 0 .
However, the steady state and the transient performance of the
i∗s and Te are still satisfied.

The experimental results for the case of unreachable torque
reference with parameter error ψF 0 = 0.1772 Vs/rad are shown
in Fig. 14, where the reference torque is set to 1.5 Nm. It can
be noticed that the PMSM drive system is safe and stable, while
the current and torque stay at their maximum reachable values.
The torque response is slowed down by the incorrect ψF 0 when
compared to the one in Fig. 9 without flux linkage error. How-
ever, the transient torque response is still smooth. The estimated
Lq and ψF are 18.7 mH and 0.0868 Vs/rad respectively.

VII. CONCLUSIONS

In this paper, an adaptive torque control scheme is introduced
for an accurate and efficient torque control under MTPA con-
dition. A self torque correction is designed, based on an ideal
model of the IPMSM drive system without system uncertainty.
The stability and performance of the proposed control scheme
are theoretically proven for the ideal IPMSM drive system with
known parameters and well controlled current loop. The current
limitation is easily handled and no stability problem is evoked

even the torque demand can not be reached. The proposed torque
control scheme can be extended for the real IPMSM drive sys-
tem with an adaptive current controller using MRAS and the
online parameter estimation using RLS. For the implementa-
tion, the linear and nonlinear delay effects caused by the inverter
and the DSP should be compensated in the controller. The re-
sistance and the d-axis inductance can influence the accuracy
of the torque and the MTPA operation. However, the influence
is limited due to the feature of the IPMSM. The simulation and
experimental results show the security, accuracy and robustness
of the proposed control scheme with high performance.

APPENDIX

A. Proof of Lemma 3.1

In order to prove the convergence in Lemma 3.1, the torque
reference is assumed as a constant without loss of generality.
Taking the derivative of equation (16) and combining equa-
tion (14), the following equation can be obtained:

τ 2ΔT̈ + 2τΔṪ = 2T
′
e − 2T ∗

e . (27)

Using equation (18) and i
′
s = i∗s without current limitation,

equation (27) can be reformed into:

kpψF τ
2 ï∗s + 2kpψF τ i̇∗s + 2T ∗

e = 2T ∗
e . (28)

Since kpψF τ 2 << 2kpψF τ , similar to the analysis in [21], the
second order term in (28) can be removed according to the
Singular Perturbation Approximation Principle. The simplified
model can be described by the following equation:

i̇∗s =
T ∗
e − T

′
e

kpψF τ
. (29)

The transient dynamics of i∗s in the real model (28) and the
simplified model (29) have the negligible difference O(τ). Fur-
thermore, there is no steady state error between the real model
and the simplified model. Denote the the partial derivative:
∂T

′
e

∂ i∗s
= a(i∗s). The torque T

′
e and the current i∗s have the same

sign so that a(i∗s) > 0. According the definition of the MTPA
operation (15), the following relationship always holds:

|T ′
e | ≥ 1.5pψF |i∗s |, (30)

where equal holds if and only if i∗s = 0 or Ld = Lq . There-
fore, a(i∗s) ≥ 1.5pψF always holds. Considering the Lyapunov
function V (i∗s) = 1

2 (T ∗
e − T

′
e)

2 , we have:

V̇ (i∗s) = −Ṫ ′
e(T

∗
e − T

′
e) = −∂T

′
e

∂i∗s

di∗s
dt

(T ∗
e − T

′
e)

= −a(i
∗
s)(T

∗
e − T

′
e)

2

kpψF τ
≤ −2V (i∗s)

k τ
1.5

≤ 0 (31)

Therefore, the simplified system (29) as well as the real sys-
tem (28) converge asymptotically to the invariant set {i∗s :
T ∗
e − T

′
e = 0}. Since the torque T

′
e is a strict monotonic func-

tion of i∗s , i∗s converges asymptotically to the unique solution of
T

′
e = T ∗

e , which is the MTPA operating point of the IPMSM. On
the other hand, from eq. (31), it is also known that the torque er-
ror T

′
e − T ∗

e converges asymptotically to 0 with the convergence
time faster than or equal to k τ

1.5 .
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B. Cross coupling of test IPMSM

Fig. 15. Mutual inductance of the test IPMSM after 3D finite element analysis.
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