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ABSTRACT In order to achieve improved performance and efficiency of domestic and industrial fan/pump
applications using low-cost solutions, the synchronous reluctance motors (SynRMs) remains a better choice
than induction motors (IMs) which are still widely used for such applications despite its low efficiency
during low speed operation. However, due to the lack of self-start capability the SynRMs need external
drive and speed control algorithm to properly operate, which increases the production cost. For the purpose
of providing low cost solutions for the SynRMs speed control, this paper presents a stable, reliable and
robust scalar control for SynRMs. This control strategy implements the maximum torque per ampere loop
for high efficiency operation and online parameter estimation for robust performance. The proposed solution
presented in this paper can be implemented using a low cost MCU in PWM inverter with lower carrier
frequency, thereby making the low cost SynRM drive for fan/pump application feasible and practical.

INDEX TERMS Synchronous reluctance motor, scalar control, SynRM, MTPA, V/F control, online
inductance estimation.

I. INTRODUCTION
The induction motors (IMs), which are widely used for most
electric powered machines, such as fans, pumps, compres-
sors, and other industrial and domestic applications, are still
the main choice of drive technology. In the search to reduce
energy consumption and lower the environmental impact, the
attainment of higher efficiency levels poses a major challenge
for IMs applications. To increase efficiency, other alterna-
tives would be permanent magnetic motors or synchronous
reluctance motors [1]. Although the permanent magnetic syn-
chronous motors (PMSMs) have the highest efficiency, it is
highly dependent on rare-earth magnets. Another choice is
the synchronous reluctance motor (SynRM), which requires
no magnets, has a simple structure, and can be implemented
using highly dynamic control, which means SynRMs require
highly precise tuning of the inverter to work properly, and
thus, have higher cost than the IMs solution. Even though
the manufacturing cost of SynRMs is higher than that of
IMs, if various conditions, such as the control method [2] [3],
inverter cost, etc., are considered, SynRMs would be a decent
and low-cost solution to replace IMs.
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The torque of SynRMs are generated by reluctance power,
whichmeans that themachine is neither fittedwith permanent
magnets, nor are there electrical windings in the rotor, as the
rotor is made of highly permeable soft magnetic electric
laminations. The major losses occur in the stator, which could
be easily cooled from outside the motor [4]. As a result, suit-
ably constructed SynRMs are tolerant to overloading, which
makes them ideal for operation in rugged environments.
Reluctance motors and inverters are specifically designed
to work together to create an integrated drive system for
fan/pump applications, and they can operate more efficiently
in comparison to induction motors.

SynRMs can offer better energy efficiency for lower output
applications than IM, particularly in the low power range, the
partial load range, and at the rated operating point. In addi-
tion to high efficiency, SynRMs also have high performance
density. In order to leverage the maximum energy-saving
potential, a robust and simple control algorithm is required
for motor drives equipped with SynRMs.

Among the controlmethods for SynRMs, the field-oriented
control (FOC) vector control [5], [6] is widely used for most
industrial applications. As shown in Figure 1, FOC requires a
position/speed observer to exert coordinate transformation to
achieve dq-axis current control, and all of the controllers or
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FIGURE 1. Block Diagram of FOC Control for SynRM.

observers require an accurate motor model to achieve decent
speed and torque control. FOC control requires high MCU
performance and high precision current sensor for high per-
formance current vector and position estimation, thus increas-
ing the cost of drives for electronic devices. Furthermore,
FOC control requires a higher carrier ratio than scalar con-
trol, meaning FOC control needs a higher switch frequency
for IGBT, which increases the cost of IGBT and cooling
components.

In order to reduce the drive costs for SynRM, a robust
scalar control [7] is proposed, as shown in Figure 2. As the
scalar control needs no current control or speed/position
observer, it means a low cost MCU and current sensor
could be used to achieve decent control performance. More-
over, the low switching frequency of the IGBT component
means inverters can be made by the low-cost power stage
and cooling components due to lower switching loss. The
two important issues of SynRM scalar control are stabil-
ity control and efficiency optimization. In order to make
scalar control stable for speed control in SynRMs, a sta-
bilized loop is presented in [7], [8]. Regarding efficiency
optimization, various kinds of voltage compensation strate-
gies were proposed by [9]–[12]. As presented in [9], the
power factor is used to compensate the voltage when load
disturbance is exerted on the SynRM.While voltage compen-
sation through a power factor features fast response to load
disturbance, it is difficult to design its control gain. Another
type of compensation strategy uses reactive power to adjust
the voltage as the load disturbance changes. The reactive
power reference is calculated by the load level and optimized

by the maximum torque per ampere (MTPA) rule of
SynRM [10].

When the output voltage is well compensated by means
of the reactive power method, efficiency and optimized reac-
tive power control are optimized; however, reactive power
calculation is highly dependent on precise motor inductance,
which varies with respect to load current [3]. Thus, in order
to address precise reactive power calculation, scalar control
with an online inductance estimation is proposed in this paper
to achieve robust control performance with dynamic load
disturbance according to literatures [13]–[19].

To show how the robust scalar control of SynRM is
designed, section II illustrates the basic control framework
of scalar control for SynRMs, which consists of a stabiliza-
tion loop through frequency compensation, and an efficiency
optimization loop through voltage compensation. Section III
depicts an online motor parameter estimation for SynRM,
with which the reactive power can be precisely calculated.
Section IV shows the simulation result of the proposed scalar
control, and Section V shows the experiment results. Finally,
the conclusions are given at the end of this paper.

II. SCALAR CONTROL OF SYNCHRONOUS MOTOR
CONTROL METHODOLOGY
To derive a related control algorithm, the SynRM electric
model is shown in Equation (1) and the mechanical model
is shown in Equation (2). The equivalent circuit of the dq-
axis electric model is shown in Figure 3, which features a
RL-circuit. The symbols used in the motor model equations
are defined in Table 1. Coordinate definitions of dq-axis are
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FIGURE 2. Block Diagram of Scalar Control for SynRM.

FIGURE 3. Equivalent circuit of SynRM.

shown in Figure 4 and Figure 5.

pid = −
Rs
Ld
id + ωe

Lq
Ld
iq +

vd
Ld

piq = −ωe
Ld
Lq
id −

Rs
Lq
iq +

vq
Lq

(1)

pωe =
Pn
2
Te
J
−
B
J
ωe −

Pn
2
TL
J

pϕ = ωV − ωe (2)

A. STEADY STATE MODEL OF SYNRM
When a SynRM operates in the steady state, the output volt-
age vector can be expressed as Equation (3). According to the
vector diagram in Figure 5, the amplitude of output voltage
vector

⇀

V s can be calculated by the steady state current Is
and power factor cosφ, which can be easily obtained by the
reactive and active power calculations of Equation (4).

⇀

V s =

[
Vd
Vq

]
=

[
RsId − ωeLqIq
RsIq + ωeLd Id

]
(3)∣∣∣⇀V s

∣∣∣ = Rs
∣∣∣⇀I s∣∣∣ cosφ

+

√
(ωeLd Id )2 + (ωeLqIq)2 − (RsIs sinφ)2 (4)

B. STABILITY ANALYSIS OF SCALAR CONTROL
Regarding the stability analysis, the small signal model [7]
is described by Equation (5) which is derived from

TABLE 1. The definitions of the parameters.

partial derivation of Equations (1) and (2) at a specified
steady state, X0 =

[
Id0 Iq0 ωe0 ϕ0

]T , of state
x =

[
id iq ωe ϕ

]T . Regarding the SynRM with
parameters, as listed in Table 2 of Section IV, the root
locus of Equation (5) for various stator frequency fe is
shown in Figure 6(a) under a specified condition, namely,

VOLUME 9, 2021 32601



L.-J. Cheng, M.-C. Tsai: Robust Scalar Control of SynRM With Optimal Efficiency by MTPA Control

FIGURE 4. Coordinate definition of SynRM.

FIGURE 5. Steady state voltage and current vector diagram.

X0 =
[
3.9 3.9 2π fe 0

]T
, φ = 0 and Vs is calculated

by Equation (4). The root locus for the various fe reveals
that unstable poles would appear when the frequency is suf-
ficiently high, as shown in Figure 6(b).

p


1id
1iq
1ωe
1ϕ

 =
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×
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0
0

−
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0

1TL (5)

where

1x =
[
1id 1iq 1ωe 1ϕ

]T
= x − X0

=
[
id iq ωe ϕ

]T
−
[
Id0 Iq0 ωe0 ϕ0

]T
KJ =

3
2J

(
Pn
2
)2(Ld − Lq)

To improve the above-described instability, previous liter-
ature, such as [7], proposed a stabilized loop by frequency
compensation, as shown in Figure 2 and Figure 7. A high pass
filter (HPF) is used to filter out the power disturbance, which
reflects the speed vibration caused by the load torque.

Once the load disturbance is filtered out by the HPF,
a feedback loop can be added into the scalar control loop,
and the overall small signal model can be expressed as
Equation (6). If a proper Kp gain is given, as shown in
Figure 7, the root locus of the compensated system reveals

FIGURE 6. Root locus of Eq. 5 for different rotor speed.

that the system is stable for all operating speeds, as shown
in Figure 9(a) near the steady state, in which X0 =[
3.9 3.9 2π fe 0 2π fV

]T
;φ = 0, and Vs is calcu-

lated by Equation (4).

p


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1ωV
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0 0
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×


1id
1iq
1ωe
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1ωV
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0
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−
Pn
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1TL (6)

where

1x =
[
1id 1iq 1ωe 1ϕ 1ωV

]T
= x − X0

=
[
id iq ωe ϕ ωV

]T
−
[
Id0 Iq0 ωe0 ϕ0 ωV0

]T
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FIGURE 7. Block diagram of the stabilized loop[7].

FIGURE 8. Block diagram of the efficiency optimized loop.

Kc =
3
2
KpVs; KP = C/ω∗V ; σ =

Lq
Ld
; τs =

Ld
Rs
;

A51 = Kc(ωV0
cosϕ0
σ
−

sinϕ0
τs

);

A52 = Kc(
cosϕ0
στs

+ ωV0σ sinϕ)

A53 = Kc

[
(σ − 1)Iq0 sinϕ0 +

1− σ
σ

Id0 cosϕ0

]
A54 = Kc

[
(ωV0σ Iq0 −

Id0
τs

) cosϕ0 −
Vs(σ − 1) sin(2ϕ0)

σLd

−(
ωV0Id0
σ
+

Iq0
στs

) sinϕ0

]
A55 = Kc(Iq0 sinϕ0 + Id0 cosϕ0)−

1
τh

Although a frequency compensation loop can stabilize
the SynRM scalar control, even with a frequency stabilized
loop, unstable poles would still appear if an improper voltage
command is given to the system, as shown in Figure 9(b); for
example X0 =

[
3.9 3.9 2π fe 0 2π fV

]
, φ = 0 and

Vs = 125% of Equation (4).
Summarily, both the stabilization loop and a proper voltage

command should work together to stabilize the SynRM scalar
control. The proper voltage command is calculated according
to Equation (4), and should also be regulated by a MTPA
efficiency-optimized loop, which is described in detail in
subsection II.C.

C. EFFICIENCY OPTIMIZATION OF SCALAR CONTROL
As mentioned in subsection II.B, the voltage command given
by Equation (4) must be compensated by some kind of
algorithm if scalar control is expected to achieve a certain
performance index, such as the maximum efficiency or the
optimum power factor. For example, the voltage command is
regulated to achieve the optimal power factor [9] or to obtain
the maximum torque per amp (MTPA) [10]–[12].

FIGURE 9. Root locus of Equation 6 with respect to rotor speed and
different voltage command.

Some of these algorithms use reactive power to adjust volt-
age and increase efficiency. As shown in Figure 8, the reactive
power Qref , as expressed in Equation (7), can be calculated
by id and iq, and then, Qref is set as the reference value of
the PI controller. However, in scalar control, rotor position
θe is unknown, which means the dq-axis currents id and iq
are not available to calculate the reactive power. Therefore,
an equation that does not contain id and iq, is required for the
calculation of reactive power reference in scalar control.

As shown in [5], if current angle θi equals 45o, meaning
id = iq =

√
2/2is, then SynRM can operate in the MTPA

condition, thus, in MTPA operation, id and iq can be replaced
by
√
2is/2. Then reactive power reference Qref can also be

expressed as a function of is only, as derived in Equation (7).
Therefore, once is is calculated from is =

√
i2γ + i

2
δ ,Qref

can be calculated merely by is, and the position estimator is
not necessary, which reduces the complexity of the control
structure.

Qref =
3
2
ωe(Ld i2d + Lqi

2
q)

=
3
2
ωe(Ld

1
2
i2s + Lq

1
2
i2s ) =

3
4
ωei2s (Ld + Lq) (7)

However, Qref for the MTPA condition in Equation (7)
is a function of the stator current and motor inductance,
which varies with the output current level [3]. When the
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output current increases with respect to the loading torque,
the inductance would decrease as well. If Qref is calculated
by constant Ld , it will become higher than that calculated
by the actual Ld , which means that the PI controller will
generate a higher voltage command than the ideal controller
due to the use of an improperly high Qref , as calculated
by constant Ld . If an improperly high voltage is given to
the scalar control of SynRM, unstable poles would appear,
as shown in Figure 9(b). Therefore, to achieve robust control
performance, the inductance Ld should be estimated online
for the precise calculation of Qref and proper compensation
voltage of MTPA.

III. ONLINE INDUCTANCE ESTIMATION FOR ROBUST
SCALAR CONTROL
In order to further improve the performance of the MTPA
voltage compensation loop, an online estimation of Ld induc-
tance is very critical to calculate accurate reactive power
in Figure 8. For the inductance estimation, some literatures
including [13], [15]–[17] have made significant contribu-
tions to parameter estimation technique; however, when it
comes to scalar control, there is more room for improvement
which anchors on the shortcoming of previous researches.
[13], [17] needed motor positioning to get accurate esti-
mation but scalar control has no rotor position to control
this algorithm. [15], [18] used recursive least square (RLS)
method which is sensitive to speed accuracy and cannot
make accurate estimations under light/no load condition. Due
to the matrix operation involved in [16]’s method, higher
CPU resources are required compared to other approaches.
In order to provide reliable and accurate parameters for scalar
control, this paper proposed a modified online parameter
estimation in γ δ-axis with details of the estimation rules. The
proposed approach employs online estimation approach, and
its needed algorithm requires fewer computational resources
compared to other methods. Details of the proposed method
are derived as following steps. The voltage model of SynRMs
can be expressed as Equation (8) and can be rearranged as
Equation (9).[

ud
uq

]
=

[
Rs −ωeLq
ωeLd Rs

] [
id
iq

]
+

[
Ld 0
0 Lq

] [
pid
piq

]
(8)[

ud
uq

]
=

[
Rs −ωeLd
ωeLd Rs

] [
id
iq

]
+

[
Ld 0
0 Ld

] [
pid
piq

]
+

[
ωeLd iq − ωeLqiq
piqLq − piqLd

]
(9)

If λa, which is called extended flux, is substituted into
Equation (9), a brief form of Equation (9) can be expressed
as[
ud
uq

]
=

[
Rs −ωeLd
ωeLd Rs

] [
id
iq

]
+

[
Ld 0
0 Ld

] [
pid
piq

]
+

[
ωeλa
−pλa

]

where

λa = (Ld − Lq)iq. (10)

However, due to the lack of rotor position, Equation (10)
must be transformed from the dq-axis to the alternative γ δ-
axis, as shown in Figure 5. After the coordinate transfor-
mation, the voltage model of SynRM in the γ δ-axis can be
expressed as[
uγ
uδ

]
=

[
Rs −ωeLd
ωeLd Rs

] [
iγ
iδ

]
+

[
Ld 0
0 Ld

] [
piγ
piδ

]
+

[
cosϕ − sinϕ
sinϕ cosϕ

] [
−ωeλa
pλa

]
(11)

In order to obtain the observer dynamic equation, the cur-
rent dynamic model is derived, as shown below

[
piγ
piδ

]
=

−
Rs
Ld

ωe

−ωe −
Rs
Ld

[ iγiδ
]

+ωe




cosϕλa
Ld

sinϕλa
Ld

+


(pλa) sinϕ
ωeLd

−
(pλa) cosϕ
ωeLd




+
1
Ld

[
uγ
uδ

]
(12)

To further reduce the complexity of Equation (12), the
extended flux is assumed to be constant during the parameter
identification process, which means pλa = 0. A simpli-
fied current dynamic equation and observer model can be
expressed as Equations (13) and (14), respectively.

[
piγ
piδ

]
=

−
Rs
Ld

ωe

−ωe −
Rs
Ld

[ iγiδ
]
+ ωe


cosϕλa
Ld

sinϕλa
Ld


+

1
Ld

[
uγ
uδ

]
(13)

[
pîγ
pîδ

]
=


−
R̂s
L̂d

ωe

−ωe −
R̂s
L̂d


[
îγ
îδ

]
+ ωe




cosϕλ̂a
L̂d

sinϕλ̂a
L̂d




+
1

L̂d

[
uγ
uδ

]
(14)

If Equation (14) is subtracted from Equation (13), the error
dynamic model of the SynRM can be derived, as shown in
Equation (15).

[
peγ
peδ

]
=

−
Rs
Ld

ωe

−ωe −
Rs
Ld

[ eγeδ
]
+ (

R̂s
L̂d
−
Rs
Ld

)
[
îγ
îδ

]

+ (
λa

Ld
cosϕ −

λ̂a

L̂d
cosϕ)

[
ωe
0

]
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FIGURE 10. Block diagram of the SynRM parameters estimation.

FIGURE 11. Equivalent block diagram of a linear system with nonlinear
feedback.

+ (
λa

Ld
sinϕ−

λ̂a

L̂d
sinϕ)

[
0
ωe

]
+(

1
Ld
−

1

L̂d
)
[
uγ
uδ

]
where [

eγ eδ
]T
=
[
(iγ − îγ ) (iδ − îδ)

]T
(15)

Equation (15) can be further expressed as Equation (16),
and the equivalent block diagram of this error equation can
be expressed as Figure 11, which consists of a linear system
(p⇀e = A⇀e) and nonlinear feedback (−I2

⇀w)

p⇀e = A⇀e + (−I⇀w) where A =

−
Rs
Ld

ωe

−ωe −
Rs
Ld

 (16)

⇀w = (
Rs
Ld
−
R̂s
L̂d

)
[
îγ
îδ

]
+ (

1

L̂d
−

1
Ld

)
[
uγ
uδ

]

FIGURE 12. Ld -Id curve of the simulation model.

+ (
λ̂a

L̂d
cosϕ −

λa

Ld
cosϕ)

[
ωe
0

]
+ (

λ̂a

L̂d
sinϕ −

λa

Ld
sinϕ)

[
0
ωe

]
=

⇀w1 +
⇀w2 +

⇀w3 +
⇀w4 (17)

According to Popov’s hyper stability theory [13], if the sys-
tem represented by Equation (16) satisfies the following two
lemmas, the estimation system is stable and the estimation
error eventually approaches zero.
Lemma (a): The equivalent transfer function of the linear

term satisfies the definition of strictly positive real.

H(s) = D(sI2 − A)−1 (18)
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FIGURE 13. Ramp load test without stabilized loop. (a) Rotor speed;
(b) Load torque=60% nominal torque (c) Stator current; (d) Reactive
power.

Lemma (b): Nonlinear feedback term (−I2
⇀w) must satisfy

Popov’s inequality, as shown in Equation (19).

η(0, t0) =
∫ t0

0

⇀
ν
T⇀wdt ≥ −κ2 (19)

In order to simplify the system, letD equal to I2. Therefore,
the error vector e becomes equal to ν. Referring to [13],
if Equation (20) is proved, the system satisfies Lemma (a),
as shown in Equation (21).

ATP + PA = −Q < 0 (20)

Let P = I2, then

ATP + PA =

−
Rs
Ld

ωe

−ωe −
Rs
Ld

+
−

Rs
Ld

−ωe

ωe −
Rs
Ld



=

−
2Rs
Ld

0

0 −
2Rs
Ld

 = −Q < 0 (21)

In order to satisfy Lemma (b), ⇀w of Equation (17) is sepa-
rated into ⇀w1 ∼

⇀w4, as shown in Equation (17). If Equations
(23) ∼ (26) are proved, then Equation (22) is also proved,
which means Lemma (b) is satisfied.

η(0, t0)=η1(0, t1)+η2(0, t1)+η3(0, t1)+ η4(0, t1) ≥ −κ2

(22)

FIGURE 14. Ramp load test with stabilized loop. (a) Rotor speed; (b) Load
torque=60% nominal torque (c) Stator current; (d) Reactive power.

TABLE 2. Motor parameters for simulation.

where

η1(0, t1) =
∫ t1

0

⇀e
T
(
Rs
Ld
−
R̂s
L̂d

)
[
îγ
îδ

]
dt ≥ −κ21 (23)

η2(0, t1) =
∫ t1

0

⇀e
T
(
1

L̂d
−

1
Ld

)
[
uγ
uδ

]
dt ≥ −κ22 (24)

η3(0, t1) =
∫ t1

0

⇀e
T
(
λ̂a

L̂d
cosϕ −

λa

Ld
cosϕ)

[
ωe
0

]
dt ≥ −κ23

(25)

η4(0, t1) =
∫ t1

0

⇀e
T
(
λ̂a

L̂d
sinϕ −

λa

Ld
sinϕ)

[
0
ωe

]
dt ≥ −κ24

(26)

Finally, the PI control law of parameter estimation can be
designed, as shown in [13], [14], and the motor parameters
can be calculated, as shown in Figure 10.

32606 VOLUME 9, 2021



L.-J. Cheng, M.-C. Tsai: Robust Scalar Control of SynRM With Optimal Efficiency by MTPA Control

FIGURE 15. Ramp load test w/ stabilized loop and constant Ld (a) Rotor
speed; (b) Load torque; (c) Stator current; (d) Reactive power.

The design procedure can be summarized in the following
steps:

a. Use Equation (14) to implement the current observer.
b. Find the difference between the observer output cur-

rent and the motor output current
[
eγ eδ

]T
=[

(iγ − îγ ) (iδ − îδ)
]T
.

c. Use the adaptive law shown in Figure 10 to calculate
M̂ , N̂ , P̂d and P̂q.

d. Use R̂s = M̂/N̂ , L̂d = 1/N̂ and λ̂a =
√
P̂2
d
+ P̂2

q
/N̂ to

calculate estimated the parameters for the observer and
scalar control loop.

IV. SIMULATION
In order to further verify the feasibility of the proposed
adaptive scalar control of SynRMs, computer simulation is
presented in this section using an ideal motor model. The
nominal motor parameters are listed in Table 2, where Ld is a
function of id , as shown in Figure 12. Note that Ld decreases
when id increases with respect to load torque.
The simulation of the ideal motor model with constant

parameters, as listed in Table 2, shows that, if there is no
stabilized loop in the scalar control loop, the motor speed
becomes unstable when the speed goes above 15Hz. How-
ever, if the stabilized loop is added into the scalar control, the
speed will remain stable even when the load torque is applied
to the motor, as shown in Figure 14(b).

If Ld is varied with respect to id , the stable system in Figure
14 would become unstable when the load torque increases

FIGURE 16. Ramp load test w/ stabilized loop and Estimated Ld (a) Rotor
speed; (b) Load torque; (c) Stator current; (d) Reactive power.

TABLE 3. PI gain of parameter estimation.

TABLE 4. Driver specifications.

above the 30% nominal torque, as shown in Figure 15.
To avoid such unstable operation, an online estimation of
Ld is used to calculate the reliable Qref of the MTPA loop,
as shown in Figure 17. Once the Ld estimation is active with
the gain of adaptive law, as listed in Table 3, the MTPA loop
would generate the proper compensation voltage, and the
speed would remain stable even if the load torque is exerted
into the system, as shown in Figure 16.

V. EXPERIMENTS
To verify the feasibility and performance of the proposed
adaptive SynRM scalar control, experiments were carried
out using a 5HP dynamometer, as shown in Figure 18. The
control algorithm is implemented on the control board of a
commercial motor drive CH2000, as made by Delta Electron-
ics Incorporation. The SynRM motor used in the following
experiments is shown in Figure 19, and the parameters are
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FIGURE 17. IPM parameters estimation in γ δ-axis during ramp load test (a) Ld estimation and Ld reference value; (b) Estimated current and
feedback current.

FIGURE 18. Test bench of 5HP Dynamometer.

FIGURE 19. Reel SynRM, for experiment.

listed in Table 5. The performances of the step load test and
ramp load test are demonstrated to evaluate the performance
of the proposed adaptive scalar control.

A 5.5kw driver, as shown in Figure 18(b), is chosen for this
experiment, and the specifications of the driver are shown in
Table 4.

A 3.0 kW SynRMmotor, as shown in Figure 19(a), is cho-
sen for this experiment. The specifications of the motor are
shown in Table 5 and the nameplate information is shown in
Figure 19(b).

As shown in Figure 20, if the SynRM scalar control uses a
stabilized loop and MTPA loop without the Ld adaptation,
the rotor speed becomes unstable when the load torque is
increased to 60% of the rated torque, which is similar to
simulation result shown in Figure 15. However, if the Ld

FIGURE 20. Ramp load test with constant dq-inductance (a) Rotor speed;
(b) Load torque; (c) Stator current; (d) Reactive power; (e) Constant
dq-axis inductance for reactive calculation.

adaptation works with a stabilized loop and MTPA loop
during speed control, the rotor speed will remain stable even
when a load torque as high as 200% of the nominal torque
is exerted on the motor. As shown in Figure 21(e), Ld is
estimated online to correctly calculate the reactive power,
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FIGURE 21. Ramp load test curve with estimated dq-inductance (a) Rotor
speed; (b) Load torque; (c) Stator current; (d) Reactive power;
(e) Estimated dq-axis inductance for reactive calculation.

TABLE 5. SynRM specifications.

which causes theMTPA loop function properly andmaintains
the optimal output current. Verification of the output current
is shown in Figure 21(c), where the output current is 14.9A,
about 200% nominal current. When the load torque reaches
the 200% nominal torque, it proves that the MTPA loop
functions properly with the aid of the online adoption of Ld .

Furthermore, if 150% rated torque step load is exerted,
Figure 22 shows that the ability of the SynRM scalar control
to reject disturbance is quite excellent at speeds ranging
from 1/10 rated speed to 100% rated speed. In addition,
even in the low very low speed region and flux-weakening
region, speed control can keep stable with 100% step load

FIGURE 22. 150% step load test at 10%,50%,100% rated speed.

FIGURE 23. 100% step load test at 5% and 150% rated speed.

as shown in Figure 23. All the experimental data show
that the proposed method features high stability and effi-
ciency, which is almost the same as the FOC current vector
control presented in [5], making it qualified for industrial
applications.
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FIGURE 24. 100% step load test at 5% and 150% rated speed.
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FIGURE 25. 100% step load test at 5% and 150% rated speed.

TABLE 6. SynRM scalar control performance comparison.

In order to verify the performance of the scalar control,
Figure 24 shows the comprehensive comparison of the per-
formance, such as TN curves, step load test, and efficiency
performance test, between scalar control and FOC, which is
commonly used in SynRM sensorless control due to the fast
torque response.

The efficiency is also measured for different PWM switch-
ing frequency. As illustrated shown in Figure 24(d) and
Figure24 (h), the efficiency is close to nominal value in high
speed region but getting lower in low speed due to higher no
low current for the sake of stability.

A comparison report of the computation resource shown
in Figure 25 indicates that computation resource requirement
of Scalar Control is much fewer than that of FOC Control.
If online parameter estimation function is enabled for scalar
control, the total execution time for main algorithm would
increase 6.8µs (i.e. from 18.48µs to 25.28µs). Although
online parameter estimation is about 27% of total execution
time in scalar control, it however, upgrades the performance
of scalar control a lot as illustrated in Figure 20 and Figure 21.
As for the FOC control, the total execution time is 45.28us
with online parameter estimation. If online parameter esti-
mation function is enabled for the FOC, the execution time
of the FOC is 206% execution time of the scalar control. The
comparison in Figure 25 shows the computational efficiency
of the scalar control is superior to that of FOC.

The above comparison shows that the proposed scalar
control could has performance as good as FOC control. The
overall stability performance listed in Table 6 also shows
that compared to the performance of [8], proposed method
can even keep stable with 150% step load torque and also
can operate in 1% rated speed and 150% rated speed, which
indicates that the proposed scalar control is qualified for most
of the speed control applications.

VI. CONCLUSION
The contributions of this paper are summed up as follows:

1) Based on the steady state model, voltage command for
the scalar control of SynRMs is proposed.

2) By means of MTPA analysis, the voltage compensation
loop is proposed, and is verified by simulation and
experimentation to be stable and highly efficient.

3) Online estimation of the motor parameters, especially
for Ld , is proposed to make the MTPA loop function
properly with precise inductance, which makes the pro-
posed scalar control robust and reliable.

4) Comprehensive experiments and comparison show that
the proposed adaptive scalar control features both sta-
bility and improved efficiency even compared to sen-
sorless FOC control.

FIGURE 26. Development Environment of the control system and key
specification of the TC1782 Tricore DSP.

APPENDIX
The SynRM scalar control system of SynRM proposed in this
paper is implemented on control board of a VFD-CH2000
drive. The processing unit of the control board is Infenion
TC1782 Tricore DSP with high performance signal process-
ing capability and a PWM generator for motor control. The
key specifications of the TC1782 are listed in Figure 26. The
control system is developed by Eclipse Tasking IDE v4.2r2
which can help users to develop high performance control and
signal processing algorithms based on the DSP instruction
sets.
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FIGURE 27. Flow chart of scalar control of SynRMs in different time loop.

The scalar control system is implemented in the main loop
and two timer interrupt loops as shown in Figure 27. The
main, 1kHz and 8kHz timer interrupt loop are executed in
TC1782 to implemented the coefficient calculation, MTPA
loop, stabilized loop and motor parameter estimation. The
8k interrupt has highest priority, and 1k Hz also has higher
priority than main loop to execute MTAP and stabilized loop.
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