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Abstract: This paper presents a flux weakening algorithm for synchronous reluctance motors (SynRMs)
based on parameters estimated at standstill. Recently, flux saturated motors have been studied.
Flux saturation models were identified and look-up tables were generated based on the saturation
model for maximum torque per ampere (MTPA) and flux weakening operations. The operation
with tables would degrade the accuracy of operating points when the table size is not enough.
The proposed method implements a flux weakening operation without tables, and the operating
points are determined with voltages and currents on operating points. Therefore, the accuracy
can be maintained. In addition, the computation time to generate the tables is not needed, so the
initial commissioning process can be reduced. The proposed method consists of two parts: the
determination of a flux weakening region and the modification of current references. The flux
weakening region is determined by the angle between direction vectors along the constant torque
and voltage decreasing directions in the d-q axis current plane. After identifying the flux weakening
region, the current references are modified for flux weakening according to the direction vector and
appropriate magnitude. The direction and magnitude are determined by the operating point of the
currents and magnitude of the output voltage, respectively. Using the flux saturation model for
SynRMs, the flux weakening direction can be determined accurately. As a result, flux weakening can
be performed precisely. The experimental results prove the validity of the proposed method.

Keywords: synchronous reluctance motor (SynRM); flux weakening control; flux saturation; flux
weakening region; dynamic inductance; apparent inductance; cross-coupling

1. Introduction

Recently, synchronous reluctance motors (SynRMs) have attracted attention as electric motors
that can replace induction machines, which are the most widely used motors. The stator of SynRMs is
similar to those of other AC motors. It has symmetric three-phase sinusoidal distributed stator windings
that are excited by balanced AC currents. The rotor has no windings or magnets. The manufacturing
cost is relatively low owing to the simple structure, and the torque per volume is greater than that of
induction motors [1–3].

The stator flux is controlled by the instantaneous stator current, as there is no permanent magnet
in the rotor. The stator flux can be varied widely, and SynRMs have a broad range of flux weakening
operations. SynRMs are designed with a large inductance and high salient ratio, providing a high
torque and power density. SynRMs have nonlinear flux saturation characteristics.

Many studies [4–17] have been performed for flux saturation models using the flux saturation
characteristics considering cross-coupling. These are described by the flux functions of the d-q axis
currents or current functions of the d-q axis fluxes [4–6].
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The flux saturation model can be obtained experimentally by the currents, voltages, and electrical
angular speed at the operating point. There are three ways to obtain the model. The first method
is to make an estimation at a constant or varying speed [7–12]. The second method is estimating
the parameters by locking the rotor with a physical device [13,14]. The third method is to estimate
the parameters at standstill. To prevent the motor from rotating, proper testing methods should be
considered [6,15–18]. Among the three methods, the third method does not need any additional
equipment or test conditions (e.g., rotation), so that it is applicable for all systems, including
sensorless drives.

The saturation characteristic of SynRMs affects the performance of the current controller.
The performance of the current controller can be improved by considering the saturation characteristics.
Normally the proportional–integral (PI) controller gains are set by considering the stator inductance
and resistance of the motor [19–21]. If the gains are appropriately selected, the transfer function of the
current controller becomes a first-order low-pass filter (LPF) by pole-zero cancellation. Therefore, by
setting the gains according to the operation point using the flux saturation model, the performance of
the controller can be improved. Another approach to the current controller is a model-based current
control [22,23]. The model-based current control utilizes the flux saturation models, so that the effect
of the flux model nonlinearity is mitigated, and the control performance is improved. The current
or flux is set as the state variable by the method. For machines that are severely saturated, such as
SynRMs, the model-based current control provides a better performance compared with that of the
conventional PI current controller.

The torque equation is expressed by the quantities in the rotor reference frame. The control objects
are the d-q axis currents. For a flux weakening operation that includes flux saturation, the current
references are generated by look-up tables [24–27]. The torque equation can also be expressed in the
coordinate system of the stator flux and current, which generate the torque. The torque is simply the
product of the flux and current. The control method in this coordinate system is called the stator flux
oriented control (SFOC) [28]. The control objects are the stator flux and current. Two look-up tables are
required for SFOC in the whole operating region, including flux weakening.

To implement flux weakening, the look-up tables are utilized to obtain the operating points.
The tables can be determined by an initial commissioning [17], as well as off-line calculations [29].
There are some associated issues with flux weakening control based on these tables. Many arithmetic
operations are required to obtain the tables. The computational burden can be reduced by decreasing
the table sizes; however, this degrades the accuracies of the tables. When the sizes of the tables
are insufficient, the operating points of the references are generated discontinuously. In addition,
the impreciseness of the identified flux models generates the inaccuracy of the tables. These problems
can be mitigated by considering the information at the operating points such as the output voltages
and currents during operation.

This paper proposes a flux weakening method based on current reference modification.
The proposed method modifies the operating point in real time. The determination of the operating
point movement is based on the information of the voltages and currents at the operating point.
The direction and magnitude of the movement are calculated, and the point follows the SynRM current
trajectory, as shown in Figure 1. Therefore, the proposed method does not require any tables to achieve
the flux weakening control. The flux weakening performance can be improved by the flux saturation
model. There is no additional procedure to generate tables for the flux weakening control in the
conventional methods. The proposed method utilizes the voltage and current information on the
operating point, so that the accuracy can be kept.

In Section 2, the flux saturation model of this paper is described. Section 3 contains a description
of the proposed flux weakening algorithm. In Section 4, the results of the proposed algorithm, tested
on a 3 kW SynRM, are presented. Section 5 concludes this paper.
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Figure 1. Synchronous reluctance motor (SynRM) current trajectories. 
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2. SynRM Model

2.1. Basic Equation

In a rotor reference frame, the stator voltage equations are given by

Vr
ds = Rsirds +

dλr
ds

dt −ωrλr
qs

Vr
qs = Rsirqs +

dλr
qs

dt +ωrλr
ds

(1)

where Vr
ds and Vr

qs are the d-q axis voltages; Rs is the stator resistance; irds and irqs are the d-q axis
currents; and ωr is the electrical angular velocity. The d-q axis fluxes, λr

ds and λr
qs, are nonlinear

functions of irds and irqs, as shown in Figure 2. The torque equation is given by

Te =
3
2

P
2

(
λr

ds(i
r
ds, irqs)·i

r
qs − λ

r
qs(i

r
ds, irqs)·i

r
ds

)
(2)

where P represents the poles of the motor.
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2.2. Flux Saturation Model

To accurately operate flux weakening, the flux saturation characteristics of SynRMs should be
considered. A standstill self-identification method [18] can be used to obtain the flux model. The d-axis
flux saturation model is given by Equation (3). Depending on the magnitude of the current, it is
divided into two areas:

λd(Id) =


L0d·Id f or |Id| < Ithr

sign(Id)λ0d + L1dId +
βd
Id

f or |Id| ≥ Ithr

(3)

where Id is the d-axis current; λd is the d-axis flux; L0d is the inductance in a linear region; and λ0d, L1d,
and βd are the constant weight coefficients in a saturation region.

The coefficients of Equation (3) are estimated using Multiple Linear Regression (MLR). At Ithr,
the dynamic inductances Ldyna and apparent inductances Lapp in the saturation region are equal [18].
This is expressed as

Ld,app(Ithr) = Ld,dyna(Ithr) f or |I| ≥ Ithr. (4)

Using Equation (3), Equation (4) is expressed as

λ0

Ithr
+ L1 +

β

I2
thr

= L1 −
β

I2
thr

f or |I| ≥ Ithr. (5)

Ithr is expressed as

Ithr = −
2β
λ0

. (6)

The flux saturation model is identified under the various q-axis currents in order to consider
the cross-coupling effect. This paper used the flux saturation model [18]. The flux saturation model
does not include cross-coupling terms. So, the flux saturation models were estimated considering the
magnitude of the q-axis current. The hysteresis control was used to control the currents. Figure 3
shows the d-q axis current waveform to estimate the d-axis flux saturation model with Iq,k of k = 2
and M = 5.
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The magnitude of the q-axis current is selected as

Iq,k = (Irated/M)·k, k = 0, 1, · · · , K (7)

where M determines the equally spaced magnitudes of the q-axis current, i.e., M = 5, and k determines
the magnitude of the q-axis current. K denotes the maximum magnitude of the q-axis current during
the identification of the d-axis flux model. As a result, the d-axis flux saturation models of the q-axis
current are obtained. The d-axis flux function of Id with the q-axis current of is expressed as

λd(Id)
∣∣∣
Iq,k

=


L0d,k·Id f or |Id| < Ithr,k

sign(Id)·λ0d,k + L1d,k·Id +
βd,k
Id

f or |Id| ≥ Ithr,k

. (8)

Figure 2a shows the results of Equation (8). Using the interpolation method, the d-axis flux for
the operating point can be calculated by

λd(Id0, Iq0) =
λd(Id0)

∣∣∣
Iq,k+1

− λd(Id0)
∣∣∣
Iq,k

Iq,k+1 − Iq,k
·(Iq0 − Iq,k) + λd(Id0)

∣∣∣
Iq,k

, for Iq,k ≤ Iq0 < Iq,k+1. (9)

The quantities at the operating point are marked with the subscript 0. Similarly, the q-axis flux
model can be obtained.

The apparent and dynamic inductances at the operating point can be calculated from the flux
saturation model of Equation (8). The apparent inductance is expressed as

Lapp,d
∣∣∣
Id0,Iq0

≡
λ
I
=
λd(Id0, Iq0)

Id0
. (10)

The dynamic inductance is expressed as

Ldyna,d
∣∣∣
Id0,Iq0

≡
∂λ
∂I

=
∂λd(Id, Iq0)

∂Id

∣∣∣∣∣∣
Id0

. (11)

3. Proposed Flux Weakening Control Algorithm

The operation trajectory of the SynRM is shown in Figure 4. The operating points in the
constant torque region are on the maximum torque per ampere (MTPA) line. As the speed increases,
the magnitude of the voltage limit curve decreases. The operating point moves along a constant torque
curve to satisfy the voltage limitation. The area of the flux weakening operation along the constant
torque curve is called the flux weakening region one (FWR1). As the speed increases further, the torque
cannot be maintained in the FWR1 due to the voltage limitation. Therefore, the magnitude of the torque
decreases, and the voltage limitation is satisfied. This operating point moves along the maximum
torque per voltage (MTPV) curve. This region is called the flux weakening region two (FWR2). At the
transition from FWR1 to FWR2, the constant torque and voltage limit curves meet at a point. The flux
weakening region at the operating point is determined by the angle between the direction vectors of
the curves.
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3.1. Determination of Directions

Figure 4 shows the direction of the SynRM flux weakening. The flux weakening region is
determined by the angle, θ, between the constant torque and voltage decreasing directions. If the angle
is less than 90◦, the operating point moves along the constant torque curve. If the angle is greater than
90◦, it moves along the MTPV curve due to the voltage limitation. The operating region changes from
FWR1 to FWR2. The inner product of the constant torque and voltage decreasing directions is used to
calculate the angle, θ.

3.1.1. Constant Torque Direction

The magnitude of the torque is constant in FWR1. The constant torque direction is obtained
using a torque equation given by Equation (2). A partial derivative can be used to obtain the gradient
of function. The gradient means the direction of fastest increase. The torque increasing direction
is calculated using the partial derivative. Since the direction is expressed in the d-q current plane,
the partial derivative of torque with respect to d-q currents was used. The torque increasing direction
at the operating point is expressed as ∂Te

∂irds
,
∂Te

∂irqs

. (12)

Since the constant torque direction is perpendicular to the torque increasing direction, the constant
torque direction is derived from the torque increasing direction as

(Xd, Xq) ≡

−∂Te

∂irqs
,
∂Te

∂irds

. (13)

The magnitude is given by

X =
√

Xd
2 + Xq2. (14)

3.1.2. Voltage Decreasing Direction

The voltage decreasing direction was obtained by the gradient descent method [30]. The cost
function is expressed as

J =
1
2

{(
Vr

ds

)2
+

(
Vr

qs

)2
}
. (15)
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On the flux weakening region, the motor voltage is high, and the voltage drop on the stator
resistance is relatively low compared to the motor voltage. So, the voltage drop on the stator resistance
can be neglected. At the steady state, the output voltages on the d-q axis are given by

Vr
ds ≈ −ωr·λ

r
qs

(
irds, irqs

)
, Vr

qs ≈ ωr·λ
r
ds

(
irds, irqs

)
. (16)

The direction vector, which reduces the magnitude of the output voltage, and its magnitude are given
by Equation (17) and (18), respectively.

(
Yd, Yq

)
≡ −∇J = −

 ∂J
∂irds

,
∂J
∂irqs

, (17)

Y =
√

Yd
2 + Yq2. (18)

Using Equation (13) and (17), θ is given by

cosθ =

(
Xd, Xq

)
·

(
Yd, Yq

)
X·Y

. (19)

The flux weakening region can be determined by Equation (19) at the operating point. If θ is
greater than 90◦, the region is in FWR2. In FWR2, the operating point should be moved along the
MTPV direction.

3.1.3. MTPV Direction

The MTPV condition is satisfied at the point where the voltage limit ellipse meets the constant
torque curve. The condition is described by

∂Te

∂irds
·

∂V2
mag

∂irqs
−
∂Te

∂irqs
·

∂V2
mag

∂irds
= 0 (20)

where Vmag is the magnitude of the output voltage. It is expressed as

Vmag =

√(
Vr∗

ds

)2
+

(
Vr∗

qs

)2
. (21)

In FWR2, the current trajectory moves along the MTPV lines, and the operating point moves
toward the origin, as shown in Figure 3. The d-axis current under the MTPV condition is small, so the
d-axis flux is in the linear region, and the q-axis flux is almost linear. It could be considered that the
d-q axis flux is a linear function in FWR2 for simplicity. The MTPV condition can be simplified as

λr
qs

(
irqs, irds) − λ

r
ds(i

r
ds, irqs) = 0. (22)

To calculate the direction of the MTPV, the MTPV condition, fMPTV, is defined as

fMTPV ≡ λ
r
qs(i

r
qs, irds) − λ

r
ds(i

r
ds, irqs). (23)

The direction vector for increasing fMPTV is expressed as∂ fMTPV

∂irds
,
∂ fMTPV

∂irqs

. (24)
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The direction vector for increasing fMTPV is perpendicular to the tangential direction vector of
fMTPV, which is the MTPV direction. Therefore, the MTPV direction and its magnitude are expressed
by Equation (25) and (26), respectively.

(Wd, Wq) ≡

−∂ fMTPV

∂irqs
,
∂ fMTPV

∂irds

 (25)

W =
√

Wd
2 + Wq2 (26)

For simplicity, the direction vector can be calculated using the apparent inductance, rather than
the dynamic inductance. In this case, the flux is given by the product of the inductance and current,
and the partial derivative of the flux to the current is equal to the apparent inductance of Equation (10).
Therefore, the direction vectors can be calculated using Equation (10).

However, for a precise flux weakening operation, the dynamic inductance can be utilized in
order to calculate the direction vector with consideration of the dynamic inductance, and the direction
vectors can be calculated using Equation (11).

3.2. Determination of the Magnitude of a Change for Reference Modification

To implement the flux weakening operation, the operating point must be moved in accordance
with the output voltage. The operating point of the current is moved with the error of the output
voltage. The error of the output voltage is given by

∆V = Vmag −
Vdc
√

3
·η (27)

where Vdc is the DC link voltage and η is the voltage margin for the current controller. For the output
voltage magnitude limitation, the current references should be modified from the current references ir

∗

ds
and ir

∗

qs obtained from the MTPA table. The modified current references, ir
∗∗

ds and ir
∗∗

qs , can be expressed as

ir∗∗ds = ir∗ds + ir∗dsm, ir∗∗qs = ir∗qs + ir∗qsm. (28)

The modification of the currents, ir
∗

dsm and ir
∗

qsm, can be obtained in the form of integrals;

ir∗dsm =

∫
Mddt, ir∗qsm =

∫
Mqdt (29)

where Md and Mq are the magnitudes of a change, which indicate a direction and its magnitude for the
modification of the current references. These can be calculated by the direction of the modified current
reference and magnitude of the output voltage error according to the flux weakening region:

Md =

 α1·∆V·Xd
X , in the FWR1

α2·∆V·Wd
W , in the FWR2

(30)

Mq =

 α1·∆V·
Xq
X , in the FWR1

α2·∆V·
Wq
W , in the FWR2

(31)

where α1 and α2 are the reference modification gains of FWR1 and FWR2, respectively. When the
output voltage is not saturated, this algorithm does not operate, and ir

∗

dsm and ir
∗

qsm are set to zero.
The block diagram of the proposed algorithm is shown in Figure 5. The MTPA table was made by

searching the operating points where the maximum torque is generated among the currents that have
the same magnitude. The cross-saturation flux model was used for making the MTPA table.



Electronics 2020, 9, 218 9 of 16

Electronics 2020, 9, 218 9 of 16 

 

The block diagram of the proposed algorithm is shown in Figure 5. The MTPA table was made 
by searching the operating points where the maximum torque is generated among the currents that 
have the same magnitude. The cross-saturation flux model was used for making the MTPA table.  

MTPA
Table

Current 
Reference 

Modification

PI
Controller

2*2* r
qs

r
ds VV +

*r
dsi *r

dsV*
eT

**r
dsi

*r
dsmi

3
dc

ref
V

V η= ⋅

*r
qsi **r

qsi *r
qsV

*r
qsmi

 
Figure 5. Block diagram of the proposed algorithm. 

4. Simulations and Experiments 

4.1. Experimental Equipment and Conditions 

Experiments were performed using a M-G set consisting of a 3 kW SynRM and 5 kW surface-
mounted permanent magnet synchronous motor (SPMSM), as shown in Figure 6. Two 7.5 kW and 
15 kW inverters were used to drive the SynRM and SPMSM, respectively. Table 1 provides the 
nominal parameters of the tested SynRM. The DC link voltage of the inverters for the motor drive 
was 530 V, with a switching frequency of 5 kHz. The inverters were fed by the space vector pulse 
width modulation (SVPWM). 

 
Figure 6. Experimental test setup. 

Table 1. Nominal parameters of the 3 kW SynRM. 

Nominal Parameter Value[unit] 
Rated power 3.0 [kW] 
Rated speed 1500 [r/min] 

Number of poles 4 
Rated voltage 400 [V୰୫ୱ] 
Rated current 7 [A୰୫ୱ] 

Stator resistance 1.9059 [Ω] 
d-axis inductance 220 [mH] 
q-axis inductance 40 [mH] 

Figure 5. Block diagram of the proposed algorithm.

4. Simulations and Experiments

4.1. Experimental Equipment and Conditions

Experiments were performed using a M-G set consisting of a 3 kW SynRM and 5 kW
surface-mounted permanent magnet synchronous motor (SPMSM), as shown in Figure 6. Two 7.5 kW
and 15 kW inverters were used to drive the SynRM and SPMSM, respectively. Table 1 provides the
nominal parameters of the tested SynRM. The DC link voltage of the inverters for the motor drive was
530 V, with a switching frequency of 5 kHz. The inverters were fed by the space vector pulse width
modulation (SVPWM).
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Table 1. Nominal parameters of the 3 kW SynRM.

Nominal Parameter Value [unit]

Rated power 3.0 [kW]
Rated speed 1500 [r/min]

Number of poles 4
Rated voltage 400 [Vrms]
Rated current 7 [Arms]

Stator resistance 1.9059 [Ω]
d-axis inductance 220 [mH]
q-axis inductance 40 [mH]
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The performances of the proposed flux weakening algorithm on FWR1 and FWR2 were tested.
The SPMSM was controlled by a speed controller. The SynRM was controlled by a torque controller
with the flux weakening operation. The saturation characteristics of the SynRMs were considered in
the current controller, which uses a model-based current controller [22]. The bandwidth of the current
controller was 200 Hz.

The d-q axis flux saturation models were identified up to the 1.4 p.u. d-q axis currents based
on the standstill self-identification method [18]. For the calculation of Equation (7), M = 5 and K = 7.
When k = 0 in Equation (8), the flux model becomes a self-axis flux saturation model. When k is not
zero, the flux model is under cross-coupling effects. The identification results are shown in Figure 2.
Extrapolation can be used if the current operating point is outside the measured range.

Generally, SynRMs are designed for operation up to FWR1. However, to verify the feasibility of
the proposed flux weakening algorithm up to FWR2, simulations and experiments were performed
under the limitation of only 40% of the DC link voltage by setting η = 0.4. The voltage reference in
Figure 4, Vref, was set to 212 V. The reference modification gains α1 and α2 were set toωr/40.

Figure 7 shows an experimental sequence to verify the proposed algorithm. SPMSM controlled
the speed, and the initial speed was 300 r/min. Then, the torque reference of SynRM was increased to
8 Nm. Thereafter, the speed was increased to 1600 r/min. As the speed increases, the output voltages
are saturated, and the flux weakening control was performed. According to the speed, the output
torque will decrease.
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The flux saturation characteristics of the simulation motor were set similarly, considering the flux
saturation characteristics of Figure 2. The operating conditions of the simulations are the same as the
operating conditions of the experiments.

4.2. Results and Discussion

To verify the performance of the algorithm, the operating point of the current, and the torque
according to a change in the speed, were checked. The torque was obtained by the output of the speed
controller of the SPMSM. Three cases were tested to evaluate the flux weakening performance with
respect to the accuracy of the flux model:

1. using the apparent inductance of the self-axis flux saturation model,
2. using the dynamic inductance of the self-axis flux saturation model, and
3. using the dynamic inductance of the cross-coupled flux saturation model.
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The first case is simple, and the flux weakening algorithm is easily implemented. The third case is
the most complex, because the dynamic inductance is calculated during the flux weakening operation.
The simulation results for each case are shown in Figures 8–10. Their trajectories are demonstrated
in Figure 11. The experimental results for each case are shown in Figures 12–14. Their trajectories of
experiments are in Figure 15.

4.2.1. Simulations

Figures 8–10 show the simulation results for the three cases. Figure 8a, Figure 9a, and Figure 10a
show the speed and torque of the SynRM. The torque reference and real torque of the SynRM are
demonstrated. In Figure 8a, the real torque was increased as speed increased in FWR1. On the other
hand, Figures 9a and 10a show different waveforms. The real torque is maintained in FWR1. From the
waveforms, the use of the apparent inductance degrades the flux weakening performance.

Figure 8b shows cosθ and ∆V in the proposed method. The operating point moved from the MTPA
line to the FWR1 when ∆V approached zero. As the speed increased further, cosθ approached zero.
After that, the operating point moved from FWR1 to the FWR2. As explained before, the proposed
method worked well.
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Figure 10. Simulation results with the dynamic inductance of the cross-coupled flux saturation model:
(a) simulation conditions and (b) operation of the proposed algorithm.

Figure 11 shows the current trajectory for three cases. The blue, yellow, and red lines represent
the results of Figures 8–10, respectively. By comparing the blue line with the others, it can be seen
that the trajectory obtained using the dynamic inductance of the flux model differs greatly from that
obtained using the apparent inductance. Detailed explanations and the discussion will be addressed
with experiments.

Electronics 2020, 9, 218 12 of 16 

 

Figure 10. Simulation results with the dynamic inductance of the cross-coupled flux saturation model: 
(a) simulation conditions and (b) operation of the proposed algorithm. 

Figure 11 shows the current trajectory for three cases. The blue, yellow, and red lines represent 
the results of Figures 8, 9, and 10, respectively. By comparing the blue line with the others, it can be 
seen that the trajectory obtained using the dynamic inductance of the flux model differs greatly from 
that obtained using the apparent inductance. Detailed explanations and the discussion will be 
addressed with experiments. 

 
Figure 11. Results of comparing the operating points of the currents in Figures 8, 9, and 10. 

4.2.2. Experiments 

Figure 12 shows the experimental results for the first case. Figure 12a shows the current 
references from the MTPA table (𝑖ௗ௦௥∗  and 𝑖௤௦௥∗), as well as the speed and torque of the SPMSM. The 
MTPA table was determined using the identified flux model performed before the experiments. 
Figure 12b shows the d-q axis currents, cos 𝜃, and ∆𝑉. The d-q axis currents were regulated as the 
modified currents, 𝑖ௗ௦௥∗∗ and 𝑖௤௦௥∗∗. These were modified from the current references from the MTPA 
tables, 𝑖ௗ௦௥∗  and 𝑖௤௦௥∗ . The differences between the real currents and those from the MTPA tables 
provide the modifications of the currents, 𝑖ௗ௦௠௥∗  and 𝑖௤௦௠௥∗ . 

During the operation on the MTPA line, the real currents were equal to the current references 
from the MTPA table, 𝑖ௗ௦௥∗  and 𝑖௤௦௥∗. As the speed increased, ∆𝑉 approached zero. When ∆𝑉 became 
zero, the operating point transitioned from the MTPA line to FWR1, as shown in Figure 12b. As the 
speed increased further, cos 𝜃  approached zero. When cos 𝜃  became zero, the operating point 
transitioned from FWR1 to FWR2. During the flux weakening operation from the MTPA line to 
FWR2, the current references from the MTPA table remained constant. Therefore, the proposed 
method worked well. However, as shown in Figure 12a, during the operation on FWR1, the torque 
of the SPMSM increased. Since the operating point on FWR1 should move along the constant torque 
line, the trajectory of the currents on FWR1 was not exact. This inaccuracy may be due to the use of 
the apparent inductance for the flux weakening algorithm. For the first case, the direction vectors 
were calculated using the apparent inductance of the self-axis flux saturation model. 

The waveforms of Figures 13 and 14 are the same of those of Figure 12. The only difference 
between the methods used to obtain these curves were the calculation methods of 𝜕𝜆 𝜕𝐼⁄ , which is 
the variation of the flux with respect to the current. For Figure 13, the direction vectors were 
calculated using the dynamic inductance of the self-axis flux saturation model, whereas for Figure 
14, the same calculation was performed using the dynamic inductance of the cross-coupled flux 
model. 

Figure 11. Results of comparing the operating points of the currents in Figures 8–10.

4.2.2. Experiments

Figure 12 shows the experimental results for the first case. Figure 12a shows the current references
from the MTPA table (ir

∗

ds and ir
∗

qs), as well as the speed and torque of the SPMSM. The MTPA table was
determined using the identified flux model performed before the experiments. Figure 12b shows the
d-q axis currents, cosθ, and ∆V. The d-q axis currents were regulated as the modified currents, ir

∗∗

ds and
ir
∗∗

qs . These were modified from the current references from the MTPA tables, ir
∗

ds and ir
∗

qs. The differences
between the real currents and those from the MTPA tables provide the modifications of the currents,
ir
∗

dsm and ir
∗

qsm.
During the operation on the MTPA line, the real currents were equal to the current references

from the MTPA table, ir
∗

ds and ir
∗

qs. As the speed increased, ∆V approached zero. When ∆V became zero,
the operating point transitioned from the MTPA line to FWR1, as shown in Figure 12b. As the speed
increased further, cosθ approached zero. When cosθ became zero, the operating point transitioned
from FWR1 to FWR2. During the flux weakening operation from the MTPA line to FWR2, the current
references from the MTPA table remained constant. Therefore, the proposed method worked well.
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However, as shown in Figure 12a, during the operation on FWR1, the torque of the SPMSM increased.
Since the operating point on FWR1 should move along the constant torque line, the trajectory of the
currents on FWR1 was not exact. This inaccuracy may be due to the use of the apparent inductance
for the flux weakening algorithm. For the first case, the direction vectors were calculated using the
apparent inductance of the self-axis flux saturation model.

The waveforms of Figures 13 and 14 are the same of those of Figure 12. The only difference
between the methods used to obtain these curves were the calculation methods of ∂λ/∂I, which is the
variation of the flux with respect to the current. For Figure 13, the direction vectors were calculated
using the dynamic inductance of the self-axis flux saturation model, whereas for Figure 14, the same
calculation was performed using the dynamic inductance of the cross-coupled flux model.

In Figure 13a, the torque in FWR1 is almost constant with a slight increase. The flux weakening
operation shown in Figure 13 is more accurate than that shown in Figure 12. Figure 13b shows the flux
weakening operation according to the magnitude of the voltage error and angle.

In Figure 14a, the torque in FWR1 is almost constant. Therefore, it can be concluded that
the performance of the flux weakening algorithm for the case of Figure 14 was the best of the
three experiments.
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Figure 14. Experimental results with the dynamic inductance of the cross-coupled flux saturation model:
(a) MTPA current reference and experimental conditions and (b) operation of the proposed algorithm.

Figure 15 shows the trajectories of the currents in Figures 12–14. The blue, yellow, and red lines
represent the experimental results corresponding to Figures 12–14, respectively. By comparing the blue
line with the others, it can be seen that the trajectory obtained using the dynamic inductance of the flux
model differs greatly from that obtained using the apparent inductance. From the figures, it can be
seen that the use of accurate flux modeling is necessary for flux-saturated machines. Although the
implementation of the flux weakening algorithm is complex, the flux weakening operation is precise
when the dynamic inductance of the cross-coupled flux model is used.
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5. Conclusions

This paper presents a flux weakening control algorithm using a flux saturation model that takes
cross-coupling into account. The determination of a flux weakening region and the modification of
current references were proposed. The flux weakening region is determined by the angle between
direction vectors along the constant torque and voltage decreasing directions in the d-q axis current
plane. After identifying the flux weakening region, the current references are modified for flux
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weakening according to the direction vector and appropriate magnitude. The direction and magnitude
are determined by the operating point of the currents and magnitude of the output voltage, respectively.

Using the flux saturation model for SynRMs, the flux weakening direction can be determined
accurately. As a result, flux weakening was performed without any tables. It is confirmed that accurate
flux weakening control is possible by calculating the direction vectors and determining the operating
region. Uses of apparent inductance and dynamic inductance were tested for the proposed method.
To use the dynamic inductance obtained from the flux saturation model shows the best performance.

Compared to the conventional method based on the tables, the proposed method does not need
the computation time to generate the tables, so that the initial commissioning process can be reduced.
The simulations and experiments show that the algorithm is stable based on the modified current
reference. The experimental results reveal the validity of the proposed algorithm, which can be applied
to general-purpose inverters for high-speed SynRM drives.
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