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A Computationally Efficient Full-Speed Domain
Control Method for PMaSynRM Considering
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Abstract—The permanent magnet-assisted synchronous reluc-
tance motor (PMaSynRM) has a wide speed range. Accurately
resolving the optimal current operation point across the full-speed
domain is crucial to ensuring the motor’s efficient and reliable op-
eration. Due to the partial neglect of the magnetic saturation char-
acteristics in PMaSynRM, the operating point obtained by existing
methods is suboptimal. This article presents a set of full-speed do-
main control methods. First, this article proposes maximum torque
per ampere (MTPA) and maximum torque per voltage (MTPV)
criteria that consider the partial derivative term of the inductance
with respect to current, which has been ignored in previous meth-
ods. Furthermore, an initial iteration point optimization technique
is proposed to reduce the increased computational burden resulting
from more complex criteria, ensuring the algorithm’s real-time
implementation. The proposed method realizes an accurate and
real-time solution of the optimal operating point. Compared to
traditional methods, the proposed method has a higher torque
enhancement in the MTPA region and a higher MTPV critical
speed. The effectiveness of the proposed method is experimentally
verified in a 5.5 kW PMaSynRM.

Index Terms—Full-speed domain control, magnetic saturation,
maximum torque per ampere (MTPA), maximum torque per
voltage (MTPV), permanent magnet-assisted synchronous relu-
ctance motors (PMaSynRM).

I. INTRODUCTION

P ERMANENT magnet-assisted synchronous reluctance
motor (PMaSynRM) has gained much attention in the fields

of industry and electric vehicles due to the advantages of high
efficiency, high power density, high power factor, and wide speed
range [1], [2]. The optimal control objectives are different in
different speed regions for PMaSynRM. To improve the motor
performance across a wide speed range, an optimal current
control method based on the speed region is required.

The optimal current control methods can be categorized into
model-free and model-based methods. The model-free methods
do not require prior knowledge of motor parameters, such as
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injection-based methods [3], [4], search-based methods [5], [6],
and feedback-based methods [7], [8]. Nevertheless, the restricted
speed range and suboptimal dynamic performance of model-
free methods make it challenging to meet the requirements of
full-speed domain control. The model-based methods require
obtaining motor parameters a priori and calculating the trajec-
tory curves, which include the maximum torque per ampere
(MTPA) curve, the maximum torque per voltage (MTPV) curve,
the current limit (CL) curve, the voltage limit (VL) curve, and
the constant torque curve [9], [10], [11], [12]. The essence of
the model-based approach is to identify the only intersection
point of the two curves at which the operating point resides. The
underlying principles of these approaches are consistent across
different speed regions, facilitating seamless transitions between
different speed regions. Moreover, the model-based methods
can directly determine the coordinates of the optimal operat-
ing point based on the motor’s real-time speed and reference
torque, enhancing the control system’s dynamic performance.
In summary, the model-based approaches, distinguished by their
superior dynamic performance and adaptability across a wide
range of speed domains, are suitable for the full-speed range
control of PMaSynRM.

The full-speed control methods rely on the accurate MTPA
and MTPV criteria. In [5], [13], and [14], the MTPA and
MTPV criteria were derived without considering the variation
of inductance with current. Unfortunately, both criteria
significantly deviate from the optimal criteria when applied to
synchronous motors with saturation characteristics [15], [16].
In [9] and [11], the significant variation of the inductance with
current of the interior permanent magnet synchronous motor
(IPMSM) was noticed, the dq-axis inductances were modeled
as functions of the dq-axis currents, and the MTPA and MTPV
criteria considering the variation of the inductance with current
were derived. However, this approach still neglected the partial
derivative of the inductance with respect to current. In [17], finite
element analysis was carried out on an IPMSM with a rated
power of 25 kW, and the results showed that the optimal MTPA
criterion has a maximum torque improvement of 3.6% compared
to the MTPA criterion that neglects the partial derivative of the
inductance with respect to current. In [12], the partial derivative
of the inductance with respect to current was considered only in
the MTPA criterion; the proposed full-speed domain algorithm
had to be operated at a reduced frequency (4 kHz) due to the
increased computation burden. For IPMSM, the MTPA and
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MTPV criteria, which consider the partial derivative of the
inductance with respect to current, have yet to be applied in
real-time control systems due to the significant increase in
computational cost and slight performance improvement [9],
[11]. PMaSynRM has more significant magnetic saturation
characteristics than IPMSM due to its primary dependence
on the reluctance torque rather than the permanent magnet
torque [18]. Unfortunately, the existing MTPA and MTPV
criteria for optimal current control in PMaSynRM ignore the
partial derivative of the inductance with respect to current [10],
[19]. Thus, exploring the implications of magnetic saturation in
PMaSynRM becomes particularly relevant, especially focusing
on the partial derivative of the inductance with respect to current
in the context of refining the MTPA and MTPV criteria.

The full-speed domain control methods require real-time
calculation of the intersection of two specific trajectory curves,
which is accomplished by a numerical solution algorithm [9],
[10], [11], [12], [20]. Specifically, in [11], the iterative compu-
tation time of Newton–Raphson (N–R), Levenberg–Marquardt,
and gradient descent in different operation intersection cases
were discussed, and the results showed that the N–R iterative
algorithm has the highest computational efficiency. The
convergence speed of N–R iteration is related to the initial
point selection. A reasonable selection of the initial point can
reduce the iteration times and ensure iterative stability [9], [10],
[11]. Unfortunately, the selection of initial iteration points in
the full-speed domain control process is arbitrary. Therefore,
proposing an initial iteration point optimization technique
(IIPOT) at each N–R iteration calculation for full-speed domain
control is of great significance.

In this article, a computationally efficient full-speed domain
control method for PMaSynRM that considers magnetic satura-
tion is proposed. The main contributions are given as follows.

1) The proposed MTPA and MTPV criteria consider the
partial derivative of the inductance with respect to current
of PMaSynRM, which is more accurate.

2) The proposed IIPOT effectively reduce the iteration times
for intersection computation, which ensures the algo-
rithm’s real-time implementation.

3) The proposed full-speed domain control method has a
higher torque enhancement in the MTPA region and a
higher MTPV critical speed.

The rest of this article is organized as follows. Section II
provides the analysis of conventional full-speed domain control.
In Section III, an improved full-speed domain control method is
proposed. Experimental results are shown in Section IV. Finally,
Section V concludes this article.

II. ANALYSIS OF CONVENTIONAL FULL-SPEED

DOMAIN CONTROL

A. PMaSynRM Model

The voltage equations of PMaSynRM in the dq reference
frame are described as follows:

ud = Rsid +
∂ψd (id, iq)

∂t
− ωeψq (id, iq)

Fig. 1. dq-axis inductance maps for the PMaSynRM. (a) d-axis. (b) q-axis.

uq = Rsiq +
∂ψq (id, iq)

∂t
+ ωeψd (id, iq) (1)

where ud, uq are the stator voltages; id, iq are the stator currents,
ψd, ψq are the flux linkages; Rs and ωe represent the stator
resistance and electrical speed, respectively. ψd, ψq can be
described {

ψd (id, iq) = Ld (id, iq) · id + ψf

ψq (id, iq) = Lq (id, iq) · iq
(2)

whereLd andLq are dq-axis apparent inductances, respectively,
and these are regarded as functions of the dq-axis currents. Fig. 1
shows the dq-axis inductance maps of the PMaSynRM, obtained
through the experimental method introduced in [21].

The torque equation of PMaSynRM is described as

Te =
3

2
Pn [ψd (id, iq) · iq − ψq (id, iq) · id] . (3)

B. Conventional MTPA and MTPV Criteria

The MTPA criterion is to achieve the reference torque by
minimizing the total stator current. When the variation of induc-
tance with current is ignored (i.e., regarding the inductance as a
constant), the MTPA criterion can be briefly expressed [9], [10],
[13], as

id =
−ψf +

√
4 (Ld − Lq)

2 i2q + ψ2
f

2 (Ld − Lq)
. (4)

The error of the abovementioned criterion is discussed,
and an MTPA criterion that considers magnetic saturation
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is proposed, as shown in (5). However, this criterion ig-
nores the partial derivative of the inductance with respect to
current [9], [11], [22]

(Ld (id, iq)− Lq (id, iq))
(
i2d − i2q

)
+ ψf id = 0. (5)

The MTPV criterion is to minimize the stator voltage while
achieving a reference torque. Similar to the MTPA criterion,
the MTPV criterion has the same development based on the
consideration of magnetic saturation. The conventional MTPV
criterion ignoring the variation of inductance with current is
given as follows [23], [24], [25]:

id = −ψf

Ld
+

−Lqψf +
√
L2
qψ

2
f + 4 (Ld − Lq)

2 L2
qi

2
q

2Ld (Ld − Lq)
. (6)

MTPV criterion that ignores the partial derivatives of the
inductance with respect to current [9], [11], [12]

Ld (id, iq) i
2
d + Lq (id, iq) i

2
q + ψf id −

L2
q (id, iq) i

2
q

Ld (id, iq)

− (Ld (id, iq) id + ψf )
2

Lq (id, iq)
= 0. (7)

C. Solving the Intersection

The system of equations for the intersection point is described
as ⎧⎨

⎩
f1

(
i∗d, i

∗
q

)
= 0

f2
(
i∗d, i

∗
q

)
= 0

(8)

where f1 and f2 are the two trajectory curves on which the
intersection lies. The N–R iterative method is used to solve this
nonlinear problem. The general iterative form is as follows:[

i∗d (k + 1)
i∗q (k + 1)

]
= −J(k)−1

[
f1

(
i∗d(k), i

∗
q(k)

)
f2

(
i∗d(k), i

∗
q(k)

)]+ [
i∗d(k)
i∗q(k)

]
(9)

where J is the Jacobi matrix, which can be represented as

J(k) =

⎡
⎣∂f1(i∗d(k),i∗q(k))

∂i∗d

∂f1(i∗d(k),i∗q(k))
∂i∗q

∂f2(i∗d(k),i∗q(k))
∂i∗d

∂f2(i∗d(k),i∗q(k))
∂i∗q

⎤
⎦ . (10)

The convergence condition is

(i∗d (k + 1)− i∗d(k))
2 +

(
i∗q (k + 1)− i∗q(k)

)2
< ε (11)

where ε is iterative accuracy.

III. PROPOSED IMPROVED FULL-SPEED DOMAIN

CONTROL METHOD

A. Proposed MTPA and MTPV Criteria

The following mathematical expression can describe the
MTPA optimal problem:

min
id,iq

f = i2d + i2q

s.t.

⎧⎨
⎩
Te − 3

2Pn (ψdiq − ψdid) = 0

i2d + i2q < I2lim.
(12)

The MTPA problem (12) can be solved by the method of
Lagrange multipliers, and the constructed Lagrange function is
expressed as

FMTPA (id, iq, λ)= i2d + i2q+λ

(
3

2
Pn (ψd · iq−ψq · id)−Tref

)
.

(13)

Equating the partial derivatives of FMTPA with respect to id, iq ,
and λ to zero

∂FMTPA

∂id
= 2id + λ

3

2
Pn

(
∂ψd

∂id
iq − ∂ψq

∂id
id − ψq

)
= 0

∂FMTPA

∂iq
= 2iq + λ

3

2
Pn

(
∂ψd

∂iq
iq + ψd − ∂ψq

∂iq
id

)
= 0

∂FMTPA

∂λ
=

3

2
Pn (ψd · iq − ψq · id)− Tref = 0. (14)

The MTPA criterion proposed in this article considers the
variation of inductances with current and the partial derivatives
of the inductance with respect to current, as follows:

ψdid + ψqiq +

(
∂ψd

∂iq
+
∂ψq

∂id

)
idiq − ∂ψq

∂iq
i2d −

∂ψd

∂id
i2q = 0.

(15)

The MTPV condition is to minimize the stator magnetic flux
while achieving a reference torque. The MTPV optimal problem
can be described as follows:

min
id,iq

f = ψ2
d + ψ2

q

s.t.

⎧⎨
⎩
Te − 3

2Pn (ψdiq − ψqid) = 0

ω2
e

(
ψ2
d + ψ2

q

)
< U2

lim.
(16)

The constructed Lagrange function is

FMTPV (id, iq, λ) = ψ2
d + ψ2

q

+ λ

(
3

2
Pn (ψd · iq − ψq · id)− Tref

)
.

(17)

The MTPV criterion proposed in this article is shown

(ψdid + ψqiq)

(
∂ψd

∂id

∂ψq

∂iq
− ∂ψd

∂iq

∂ψq

∂id

)
− ψ2

d

∂ψd

∂id
− ψ2

q

∂ψq

∂iq

− ψdψq

(
∂ψd

∂iq
+
∂ψq

∂id

)
= 0. (18)

Compared to the criterion of insufficient consideration of
magnetic saturation in (5) and (7), the proposed criteria are
essentially not neglected for the partial derivatives of the in-
ductance with respect to current, i.e., ∂Ld(id,iq)

∂id
, ∂Ld(id,iq)

∂iq
,

∂Lq(id,iq)
∂id

, and ∂Lq(id,iq)
∂iq

. Fig. 2 gives the curves of MTPA and
MTPV criteria, where model A corresponds to (4), (6), and



TAN et al.: COMPUTATIONALLY EFFICIENT FULL-SPEED DOMAIN CONTROL METHOD FOR PMASYNRM CONSIDERING MAGNETIC SATURATION 7757

Fig. 2. MTPA and MTPV criteria of proposed and conventional methods.

Fig. 3. Determination of the operation state for different T ∗
e . (a) Branch I.

(b) Branch II. (c) Branch III. (d) Branch IV.

model B corresponds to (5), (7). It follows that the proposed
criterion has a significant deviation from the two conventional
methods, which shows that neglecting the partial derivatives of
the inductance with respect to current leads to a shift in the
trajectory curves.

B. Flow Sequence

The flow sequence determines the operation branch and state
based on the speed and reference torque, which has been de-
scribed in detail in [9], [11], and [12]. The CL and VL are
described, respectively, as

√
i2d + i2q ≤ Ilim√

(Rsid − ωeψq)
2 + (Rsiq + ωeψd)

2 ≤ Udc√
3

(19)

Fig. 4. Diagram of flow sequence.

where Ilim is CL value, Udc is dc bus voltage. Fig. 3 gives the
determination of the operation state for different reference torque
T ∗
e in different branches.
The block diagram of the flow sequence is given in Fig. 4. The

online computational process requires solving the intersection
equations for the operation point (OP) and the state demarcation
points (SDPs), including M , A, B, C, D, and E. Among them,
A, B, C, D, and E do not refer to specific points but to a class
of points; for example, A represents the intersection of the VL
curve with the left-side CL curve in Branch II.

The target functions and corresponding Jacobi matrices for
the five states and six SDPs are shown in the Appendix, totalling
six intersection cases. Compared to [9] and [11], the proposed
method significantly increases the computational burden due to
the more frequent use for lookup tables (LUTs). The bilinear
interpolation algorithm can reduce the computational burden of
each LUT, but its impact is still insignificant [9].

C. Proposed IIPOT

The N–R iterative method has local convergence and a local
quadratic convergence rate. Within a particular range, initial
iteration points that are closer relative to the convergence point
tend to have fewer iteration times and higher convergence sta-
bility [26]. The iteration times plane for six intersection cases,
given in Fig. 5, demonstrates this relationship.

1) IIPOT for SDPs: Based on Fig. 3, except M , SDPs rep-
resent the intersections of the VL curve with the curves on
both sides, including CL, MTPA, and MTPV curves. SDPs
are directly related to the motor operation speed and must be
calculated in real time. The VL curve is affected mainly by motor
speed, so it has a significant inertia characteristic, i.e., it hardly
changes significantly during two consecutive computational pe-
riods (125 μs for 8 kHz). Fig. 6(a) and (b) gives the intersection
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Fig. 5. Iteration times plane for different initial iteration points. (a) MTPA ∩
CL. (b) MTPA ∩ T ∗

e . (c) VL ∩ CL. (d) VL ∩ T ∗
e . (e) VL ∩ MTPV. (f) VL ∩

MTPA.

Fig. 6. Variation of SDPs in successive computation periods. (a) Δn =
200 r/min at 3800 r/min. (b) Δn= 200 r/min at 7000 r/min. (c) ΔU = 20 V at
3800 r/min. (d) ΔU = 20 V at 7000 r/min.

point change for Δn = 200 r/min at a speed of 3800 r/min and
7000 r/min, respectively. It can be seen that the SDPs are slowly
moving during the successive calculations. Therefore, choosing
the convergence result of the (m− 1)th calculation period as
the initial point of the mth calculation, as

iinit
dq,x(m) = i∗dq,x (m− 1) (20)

Fig. 7. Variation of OP in successive periods whenT ∗
e is unchanged. (a) Speed

drop at T ∗
e = 12.3 N · m. (b) Speed increase at T ∗

e = 7.8 N · m.

where m denotes the mth computational period, iinit
dq,x(m) is

the initial iteration point of the mth computational period, and
i∗dq,x(m− 1) is the convergence point of the (m− 1)th compu-
tational period. (x = A, B, C, D, E).

2) IIPOT for OP: During two consecutive computation peri-
ods, the change of OP depends on the change of reference torque.
When the reference torque does not change in two consecutive
calculations, the OP does not change significantly, even if the
speed changes, as shown in Fig. 7(a) and (b). Considering the
noise disturbances, set the torque threshold Te,th to 5% of rated
torque. In this case, the convergence result of the last calculation
period is chosen as the initial iteration point, as shown in (20).
When the change in reference torque exceeds the threshold, a
computational method is proposed based on the reference torque
and the operation state, as follows.

When the operation states are I, III, and V, the OPs are M ,
A, and C, respectively. As shown in Fig. 3, they have been
calculated during the SDPs computation, so recalculation is
unnecessary.

When the operation state is IV, the OP is the intersection of
the constant torque and the VL curves. According to Fig. 3, iq
varies less on the VL curve (�AB, �CD, �EF ), so torque variation
ΔTe1 at the VL curve can be approximated as

ΔTe1 ≈ 3

2
Pn (Ld − Lq) iq ·Δid (21)

where Δid is d-axis current variation. The initial iteration point
of the operating pointQ can be designed based on the reference
torque T ∗

e and the SDPs, as follows:

iinit
d,Q =

T ∗
e − Te,y

Te,x − Te,y
(id,x − id,y) + id,y

iinit
q,Q =

T ∗
e − Te,y

Te,x − Te,y
(iq,x − iq,y) + iq,y (22)

where y denotes the SDPs on the right side of the VL curve (B,
D,F ), andx denotes the SDPs on the left side (A,C,E).F is the
intersection of the VL curve with the d-axis and is not included
in the SDPs, but it can be calculated in the same way as the
SDPs are calculated. As shown in Fig. 8, the proposed method
approximates the curves �AB, �CD, and �EF as horizontal straight
lines. The intersections of the straight lines AB, CD, and EF
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Fig. 8. Convergence process of proposed method in state IV whenT ∗
e > Te,th.

(a) AB and CD Curves. (b) AB and EF Curves.

Fig. 9. Iterative analysis of proposed method in state II when T ∗
e > Te,th.

(a) Analysis of torque errors. (b) Convergence process.

with the constant torque curve are used as the initial point. The
iterative process of the proposed method is shown in Fig. 8.

When the operation state is II, the OP is the intersection of
the constant torque and MTPA curves. Replacing the curve �OM
with the straight line OM , for the point (α · id,M , α · iq,M ) on
the OM , the difference between the calculated torque and α ·
Te,M is

ΔTe2 =
(
α− α2

) · 3
2
Pn (Ld − Lq) id,M iq,M . (23)

The ΔTe2 is maximum when α equals 0.5, indicating that
under this condition, there is a maximum distance between the
initial and convergence points. Unlike theΔTe1,ΔTe2 along the
�OM has both d-axis and q-axis current variations. Therefore,
an additional point P (α = 0.5) is added, as shown in Fig. 9(a).
Depending on the relationship between T ∗

e and Te,P , the linear
interpolation method as described by (22) is used to obtain the
initial points in the �OP and �MP , respectively. The convergence
process is given in Fig. 9(b).

IV. EXPERIMENTAL RESULTS

Table I lists the parameters of the experimental PMaSynRM.
Besides, Fig. 10 provides the dq-axis flux maps of experimen-
tal PMaSynRM, measured by the experimental method [21].
The nonlinear identification model of the inverter is based
on [27], and the compensation method adopts the LUT method.
The proposed control method is implemented digitally on the

TABLE I
PMASYNRM PARAMETERS

Fig. 10. dq-axis flux maps for the PMaSynRM. (a) d-axis. (b) q-axis.

Fig. 11. Photographs of the experimental setup.

XMC4800, and the proposed full-speed domain control algo-
rithm is synchronized with the system, operating at a control
frequency of 8 kHz. The limit of iteration times is set to 4, and
the iteration accuracy is 0.04. The experimental PMaSynRM is
operated in torque-loop mode, and the load motor is operated
in speed-loop mode. The photographs of the experimental setup
are shown in Fig. 11, and the schematic diagram of the test bench
is shown in Fig. 12.
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Fig. 12. Schematic diagram of the test bench.

Fig. 13. Experimental waveforms of MTPA region. (a) Proposed MTPA
criterion. (b) Compared MTPA criterion in [9] and [11].

Fig. 14. Mapping for OPs in the current plane. (a) Proposed MTPA criterion.
(b) Compared MTPA criterion in [9] and [11].

A. Verification and Comparison in MTPA Region

Figs. 13 and 14 show the experiment results for the MTPA
region (State II), where (a) corresponds to the proposed MTPA
criterion, and (b) corresponds to the MTPA criterion that ig-
nores the partial derivative of the inductance with respect to

current, as discussed in [9] and [11]. The operating speed is
500 r/min held by the load motor, while the reference torque is
initially 0 and increases in steps until it reaches the maximum
torque (17.3 N · m), which is measured a priori. According to
Fig. 13(a), the reference dq-axis currents can rapidly respond
to changes in the reference torque, and the actual currents can
track the reference currents well. The experimental results are
mapped to the current plane, as shown in Fig. 14(a), where the
constant torque curves are obtained by a search method. The
tangent points of the current circles and constant torque curves
are located on the proposed MTPA trajectory, which indicates
that the proposed criterion has the highest current utilization.
Besides, the reference current points calculated by the proposed
method are located on the proposed MTPA trajectory, which
verifies the accuracy of the iterative calculation.

The same experimental conditions are set in the comparison
test. According to Fig. 13(a) and (b), in the low torque region,
the proposed criterion and the compared method have approx-
imate current amplitude at the same torque output. As the load
increases, the proposed method has a smaller current amplitude
at the same torque output. When the current reaches the CL
(20.7 A), the proposed method outputs a maximum torque of
17.3 N · m, while the comparison method outputs 16.1 N · m.
The proposed method has a torque improvement of 7.4%.

B. Verification and Comparison in MTPV Region

Figs. 15 and 16 show the experiment results for the MTPV
region (state V), where (a) corresponds to the proposed MTPV
criterion, and (b) corresponds to the MTPV criterion that ignores
partial derivatives of the inductance with respect to current, as
discussed in [9] and [11]. The speed initially is 7000 r/min and
increases linearly to 8000 r/min; the reference torque is set to
10 N· m. According to Fig. 15(a), the dq-axis current set-point
initially is (−20.2 A, 5.0 A). As the speed rises, the dq-axis
current point slides along the CL curve until it reaches the critical
speed of the MTPV (7600 r/min), and the operation state is
switched (III to V). Thereafter, as the speed rises, the d-axis
begins to rise, and the q-axis current continues to decrease. The
OP slides along the MTPV trajectory until the speed reaches a
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(a) (b)

Fig. 15. Experimental waveforms of MTPV region. (a) Proposed MTPV
criterion. (b) Compared MTPV criterion in [9] and [11].

Fig. 16. Mapping for OPs in the magnetic flux plane. (a) Proposed MTPV
criterion. (b) Compared MTPV criterion in [9] and [11].

steady state (8000 r/min), at which time the dq-axis current point
stabilizes at (−19.4 A, 4.2 A). Fig. 16(a) shows the experimental
results mapped to the magnetic flux plane. The tangent points
of the magnetic flux circles and constant torque curves are
located on the proposed MTPV trajectory, which indicates that
the proposed criterion has the highest flux utilization. Besides,
the reference flux points are calculated by LUT and located on
the proposed MTPV trajectory, verifying the accuracy of the
iterative calculation.

In the comparison test, the same experimental conditions are
set. According to Fig. 15(a) and (b), the MTPV speed threshold
of the proposed method is 7600 r/min compared to 7090 r/min
of the comparative method, which is 7.2% higher. Meanwhile,
the proposed method has higher torque output under steady-
state MTPV operation (e.g.: 7 N · m compared to 6.8 N · m at
8000 r/min).

C. Verification and Comparison of Remaining Regions

The effectiveness of the MTPA and the MTPV regions are
verified in Parts A and B, respectively. In this part, the remaining

(a) (b)

Fig. 17. Experimental results for switching process from state II to state IV.
(a) Proposed method. (b) Compared method.

Fig. 18. Mapping results for the OP trajectory from state II to state IV.
(a) Proposed method. (b) Compared method.

states (states II, III, IV) and switching processes are verified as
follows: 1) Increase the load torque at a constant speed (state
II–state IV); 2) increase the speed gradually at a constant torque
(state II-state IV-state III-state V).

Figs. 17 and 18 show the experiment and mapping results
for the switching process from states II to IV, where (a) cor-
responds to the proposed method and (b) corresponds to the
compared method discussed in [9] and [11]. The operating speed
is 4400 r/min held by IPMSM, while the reference torque T ∗

e is
varied from 0 to 17.3 N · m in 8 steps. Fig. 18(a) and (b) presents
the results mapped onto the current plane. For the proposed
method shown in Fig. 18(a), during the first 10 s, the operation
state is state II, and the OP steps along the MTPA trajectory
as the reference torque increases. After 10 s, the VL limits the
increase of the OP along the MTPA direction, and the OP then
moves along the VL curve with a small change in the q-axis
current and a significant decrease in the d-axis current. When
the reference torque reaches 15.1 N· m, the OP moves to the
intersection of the CL and VL curves, and the OP no longer
changes.
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(a) (b)

Fig. 19. Experimental results for operation process of state II-state IV-state
III-state V. (a) Proposed method. (b) Compared method.

Fig. 20. Mapping results for the OP trajectory of state II-state IV-state III-state
V. (a) Proposed method. (b) Compared method.

Fig. 18(a) and (b) demonstrates that both methods guarantee
stable operation. When the reference torque T ∗

e is greater than
8.7 N ·m, the compared method has the same OP as the proposed
method, as both methods have the same VL curve. Before
8.7 N ·m, due to the differences in the MTPA trajectory between
the two methods, the proposed method has a higher torque per
ampere, resulting in lower copper losses.

Figs. 19 and 20 show the experiment results for the state II-
state IV-state III-state V, where (a) corresponds to the proposed
method, and (b) corresponds to the compared method discussed
in [9], [11]. The operating speed, controlled by the IPMSM,
is initially 3000 r/min and increases linearly to 8000 r/min.
The reference torque T ∗

e for experimental PMaSynRM is set
to 14 N · m. Fig. 20(a) presents the results mapped onto the
current plane. Before 3.8 s, the VL has not yet constrained the
OP. The dq-axis currents are constant at −12.8 A and 12.9 A,
respectively, and the operation state is state II. As the speed
increases, the OP slides along the 14 N · m constant torque
curve, and the amplitude of the d-axis current increases while
the q-axis current decreases. The OP moves far from the MTPA
curve until it reaches the CL curve. After that, the output torque

TABLE II
COMPUTATIONAL TIME FOR DIFFERENT INTERSECTIONS IN A SINGLE

ITERATION OF PROPOSED METHOD

TABLE III
COMPARISON OF THE PROPOSED METHOD BASED IIPOT AND THE PROPOSED

METHOD EXCEPT IIPOT

TABLE IV
ITERATION TIMES/TIME OF THE PROPOSED METHOD AND COMPARED METHOD

IN [9] AND [11]

fails to meet the reference torque. As the speed increases, the
VL curve continues to downshift, the OP slides along the CL
curve, and the output torque cannot track the reference torque,
i.e., operation state III. Until the OP reaches the intersection
of the MTPV and CL curve, the OP starts sliding along the
MTPV curve, and the amplitude of the d-axis current transitions
from increasing to slightly decreasing while the q-axis current
continues to decrease, i.e., state V.

Figs. 19 and 20 demonstrate that both methods guarantee
stable operation. The difference depends on the changes in the
switching points due to the different MTPA and MTPV trajecto-
ries. According to Fig. 19(b), the comparative method switches
from state II to state IV at a lower speed (3328 r/min compared
to 3510 r/min). The comparison indicates that the proposed
method has a wider speed range in the MTPA region, enabling
it to achieve higher efficiency over a broader speed range (0 to
3510 r/min). In addition, the proposed method enters the MTPV
operation region only after the speed reaches 7600 r/min, which
is a 7.2% increase compared to the critical speed of 7090 r/min
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TABLE V
TARGET FUNCTIONS AND JACOBI MATRICES FOR DIFFERENT OPERATION STATES

for the compared method. It indicates that the proposed method
has a stronger capability for speed extension.

D. Verification and Comparison on Computation Burden

The total computation time for the proposed full-speed control
algorithm includes four parts: branch judgment, SDPs compu-
tation, state judgment, and OP computation. Among these, the
SDPs computation and the OP computation require multiple
iterations, which occupy the main computation time. Table II
provides the computational time for a single iteration of the six
intersection cases.

The IIPOT utilized depends on whetherT ∗
e exceeds the thresh-

olds, even if the OPs are in the same branch and operation
state. In order to fully validate the effectiveness of the proposed
IIPOT in all cases, experimental tests and comparisons are
performed for all branch-states. Table III gives the iteration times
[SDPs(left)—SDPs(right)—OP] and total online computation
time obtained from the experimental test. The iteration times
of 0 means that no iterative computation is executed. When
ΔTe<Te,th, only one iteration is required to converge. On the
contrary, whenΔTe>Te,th, the proposed method also converges
in two iterations. The average computation time of the proposed
method decreases by 68.7 μs compared to the method without
IIPOT. The execution time of the proposed method satisfies the
real-time requirements at 8 kHz (125 μs).

To fully illustrate the proposed method’s superiority, the com-
putational burden of the proposed method is compared with [9],
[11] in all branch-states, as shown in Table IV. The comparison

shows that the proposed method has superior computational
efficiency in almost all cases.

V. CONCLUSION

In this article, a computationally efficient full-speed domain
control method for PMaSynRM considering magnetic saturation
is proposed. The novelty of this method lies in its adoption of
a more accurate MTPA and MTPV criteria, which considers
the partial derivative of inductance with respect to current, as
well as an IIPOT, which reduces the computational burden of
iterative calculations. The experimental results show that the
proposed method has a maximum torque improvement of 7.4%
in the MTPA operation region and increases the MTPV critical
speed by 7.2% in the MTPV operation region while outputting a
larger torque. The maximum computation time of the proposed
algorithm is 89.5 μs, which ensures real-time computation in an
8 kHz control system.

APPENDIX

The target functions and Jacobi Matrices for different opera-
tion state is shown in Table V.
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