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Online-Parameter-Estimation-Based Control Strategy
Combining MTPA and Flux-Weakening for
Variable Flux Memory Machines

Yuxiang Zhong"“, Heyun Lin

and Hui Yang

Abstract—This article proposes a novel online-parameter-
estimation-based control strategy for high efficiency and wide
speed operation of variable flux memory machine (VFMM), which
combines maximum-torque-per-ampere and flux-weakening (FW)
technologies. The PM flux linkage is estimated from a newly
developed linear active-disturbance-rejection-based feedforward
decoupling (LADR-FFD) current controller, while the dg-axis in-
ductances are estimated by employing the recursive least squares
algorithm. In the proposed strategy, VFMM is controlled by using
only two magnetization states (MSs), namely highest and lowest
MSs, to avoid frequent MS manipulation. In the high-speed region
of each MS, a continuous d-axis current is applied to stator windings
to weaken the air-gap flux for further speed range extension by
combining the feedforward and feedback FW approaches. The
design procedure of the LADR-FFD current controller and the
online estimation methods of the PM flux linkage and dg-axis
inductances are first introduced. The proposed online-parameter-
estimation-based control strategy is subsequently interpreted with
the help of formulas and diagrams. The feasibility and effectiveness
of the proposed control strategy are verified through experimental
measurements on a hybrid magnetic circuit VFMM prototype.

Index Terms—Flux-weakening (FW), linear active disturbance
rejection, maximum-torque-per-ampere (MTPA) control, online
PM flux linkage estimation, variable flux memory machines
(VFMMs).

I. INTRODUCTION

ARTABLE flux memory machine (VFMM) has been rec-
V ognized as a wide-speed permanent magnet (PM) machine
in the true sense, since its air-gap flux can be flexibly adjusted
through changing the magnetization state (MS) of the equipped
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low coercive force (LCF) PM by applying a short d-axis cur-
rent pulse [1]-[5]. Compared with traditional PM synchronous
machines (PMSMs), VFMM has less excitation loss in flux-
weakening (FW) region, improving the operation efficiencies
within a wider speed range. For this type of machine, its MSs
should be properly selected according to running conditions.
In the constant torque (low-speed) region, high MS is desired
to produce large torque for heavy load. In the constant power
(high-speed) region, low MS is expected to extend the speed
range.

Some researchers have investigated the control strategies for
VFMMs in the past decade, mainly focusing on the M'S manipu-
lation. In [3], several types of MS manipulation current pulses are
designed and discussed by analyzing transient MS manipulation
process. In [4], an optimal MS selection method and a steady-
state loss minimization method are combined to further improve
the machine efficiency. A hysteresis MS manipulation method
is proposed to reduce the frequency of MS change and loss in
[5]. In addition to MS manipulation, the control methods at each
MS should also be studied to improve the overall efficiency for
VFMMs, which has been rarely investigated.

In the constant torque region of each MS, maximum-torque-
per-ampere (MTPA) control [6]-[9] can be adopted to reduce
copper loss by utilizing the reluctance torque for VFMMs with
saliency. Many pieces of literature have investigated MTPA
approaches for traditional interior PMSMs (IPMSMs), such
as signal injection methods and parameter-based methods. For
signal injection MTPA methods, the variations in machine be-
havior, such as speed variations [6] and torque variations [7]
should be detected, which will inevitably degrade the dynamic
performance of machines. For parameter-based MTPA methods,
the variations of machine inductances make it difficult to max-
imize the torque output capability. Lookup table (LUT) [8] is
often used to store the measured inductance values under the
different dg-axis currents. However, more LUTs are required
for VFEMMs due to they can operate in many MSs. An artificial-
neural-network-based (MTPA) control for VFMM is proposed
in [10] to address the control difficulty caused by the nonlin-
ear inductance properties and the variable-flux characteristics
[11]. However, the ANN training process is very time consum-
ing and will inevitably increase the computational burden of
the processors.
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In the constant power region, the speed range of VFMM can
be expanded by reducing the PM flux linkage through decreasing
the MS of LCF PMs. In order to further extend the speed
range, FW control can be adopted by applying continuous d-axis
currents at each MS. The FW control in the traditional PMSMs
can be classified into the feedforward and feedback categories. In
the feedforward FW control [12], [13], the parameter variations
and the neglected winding resistance make it difficult to obtain
the optimal FW current commands. While for the feedback FW
control [14], the dynamic response of the current regulation is
relatively poor. In addition to the above-mentioned problems,
the FW control should also be combined well with the MS ma-
nipulation for VFMMs to extend the speed range while avoiding
on-load demagnetization.

All the aforementioned problems in MTPA and FW controls
are more prominent in VFMM due to its variable MSs. Online
parameter estimation method is an alternative approach to ad-
dress these problems. In [23], the online estimated parameters
are used to achieve a torque compensation control scheme
considering the wide variation of PM temperature by using the
steepest descent method and the affine projection algorithm. In
[24], an online parameter-based high-speed control is presented
for IPMSMs, in which a novel adaptive backstepping-based
nonlinear control technique is proposed to estimate machine
parameters. The researches show that the online parameter es-
timation method can accurately acquire the dg-axis inductances
and PM flux linkage online instead of using LUTSs, which is
more suitable for VFMMs.

This article proposes an online-parameter-estimation-based
control strategy for high efficiency and wide speed operation
of VFMM by combining the MTPA and FW controls. This
article is organized as follows. In Section II, the topology and
MS characteristics of the investigated hybrid magnetic circuit
VFMM (HMC-VEMM) are introduced. In Section III, a lin-
ear active-disturbance-rejection-based feedforward decoupling
(LADR-FFD) current controller is first established. Then, the
estimation methods for the PM flux linkage and dg-axis in-
ductances are elaborated. In Section IV, the proposed online-
parameter-based control strategy for VFMMs is described in
the form of a schematic diagram, and the controls of the new
MTPA and FW under different MSs are interpreted in detail. The
feasibility and effectiveness of the proposed control strategy are
validated through experiments on an HMC-VFMM prototype in
Section V. Finally, Section VI concludes this article.

II. MACHINE TOPOLOGY AND MS CHARACTERISTICS

A. Machine Topology

Fig. 1 shows the topology of the investigated HMC-VFMM
with a dual-layer high coercive force (HCF) PM configuration.
The HMC structure combines the advantages of parallel and
series magnetic circuits. The majority of HCF PM magnetic
fluxes can be short-circuited within the rotor core by means of the
parallel branch when the LCF PMs are demagnetized, thus the
flux regulation range is increased. Moreover, the series magnetic
circuit and the triangular g-axis barriers remarkably reduce the
influences of the g-axis current on d-axis magnetic circuit,
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Fig. 1. Topology of investigated HMC-VFMM [2].
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Fig. 2. Relationship between the PM flux linkage and the magnitude of the

d-axis current pulse of the HMC-VFMM [2].

improving the on-load demagnetization withstand capability.
The MS of the LCF PMs can be flexibly changed by applying a
d-axis magnetizing current pulse. Thus, the speed range of the
machine is extended with the regulation of the total PM flux
linkage.

B. Characteristics of MSs

Fig. 2 presents the relationship between the PM flux linkage
and the magnitude of d-axis current pulse of the HMC-VFMM.
The PM flux linkage is calculated from the measured no-load
back electromotive force (back EMF). The continuous flux
adjustment method [15] is almost unpractical due to the frequent
magnetization of the machine in engineering, which will produce
pulsating torques accompanied by mechanical vibrations and
noises. Therefore, only two specific MSs, MS1, and MS2, are
selected to simplify the MS manipulation and maintain almost
the same operation region compared with the continuous flux
adjustment method. MS1 and MS2 are the highest and lowest
MSs, of which the corresponding PM flux linkages v pp;; and
1 pare are 0.263 and 0.152 Wb, respectively. At MS1, the mag-
nitude of the d-axis continuous current should be less than /.
(demagnetization current) to maintain the PM flux linkage and
avoid unintended demagnetization, as shown in Fig. 2.

It is worth noting that the magnetization and demagnetiza-
tion characteristics of the machine are relatively insensitive to
temperature variations. The experimental results show that the
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PM flux linkage has only a slight reduction (0.005 Wb, 1.9% of
1 pa1) when the temperature rises from 22.4 to 65.2 °C.

III. ONLINE PARAMETER ESTIMATION FOR VFMM
A. Mathematical Model of VFMM

The voltage equation in the d-qg reference frame and the
electromagnetic torque 7. of VFMM can be expressed as

D di dy [ ;
ug = Rig + Ly gt + weLaia + wepp (ia)
3 N .
Te = 5plpmia)ig + (La — Lq)iaiq] @)

2

where u 4 and u, are the dg-axis voltages, iy and i, are the dg-axis
currents, R is the phase resistance, L4 and L are the dg-axis static
inductances, considering saturation and cross-saturation effects
[16], which are related to both i; and i, w. is the rotor electrical
angular speed, p is the number of pole pairs, and ) pp(iy) is the
variable PM flux linkage, which is determined by the magnitude
of d-axis current pulse. It should be noted that di p(ig)/dt
is approximately equal to zero under normal operations at a
fixed MS, while dv py(ig)/dt cannot be neglected during MS
manipulation, due to the drastic change of PM flux linkage.

B. LADR-FFD Current Controller Design

Based on the feedforward decoupling theory, the dg-axis feed-
forward voltage components, uq_y ¢ and uq_r s, can be expressed
as

{ Ud_ff = R;’L'd — weéqiq (3)

Ug ff = Riq + welygig

where superscript “” denotes the estimation variables, and the
initial values of R, [A/d, and f/q are Ry, L0, and L4, respectively,
which can be measured at no-load condition.

By substituting (3) into (1), the voltage equation can be
rewritten as

Uqg = _éld — Wei/qiq +.i/d dig
—_————

dt
o dgpaia)
. dypa(ig . dig
+ ARiq + M o ALyt AL S
di:d,dc (4)

Ug = R'Lq + weLdid +L‘1W
—_———
Uq_ff

di
+ ARiq + weALgig+AL g + wevpar(ia)

T dt

Ug de

where 1g_g. and u,_q. are the dg-axis disturbance voltages, re-
spectively, AR = R — R, ALy = L4 — ﬁd, and AL, =L, —
L,

By removing the feedforward voltage components, the volt-
age equation can be reformed as

&)

-
{ Ud_tadre = Ud — Ud_ff = La“gt + Ud_de

& di
Uq_ladre = Uqg — Uqg_ff = Lgg + Uq_de
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Fig. 3. Schematic diagram of the LADR-FFD current controller and online

parameter estimators.

where 1g_jqdrc and g _jqqrc are the output values of the dg-axis
LADR current controller. By selecting the state variables as

. _ /L
X1:i: |:Z.d:|,X2f |:fd:| = Udid/Ad (6)
lq Jfq —uq_dC/Lq

and assuming

1 / Lg 0
udladrc:| , b= . ) (7)
Uq_ladrc 0 ]_/Lq

Equation (6) can be further rewritten in the state equation as

U = Ujadrc = |:

).21 =Xy + bu — [ie
Xo = —[e 3)

e =X — X1

where f; and f, are the dg-axis disturbance components, 31 and
B2 are the matrices of error feedback gains. A linear extended
state observer (LESO) [25], [26] is constructed based on (8) to
estimate the disturbance component. The structure of the LADR-
FFD current controller is shown in Fig. 3.

C. Online Estimation of PM Flux Linkage and Error Analysis

In the proposed current controller, the PM flux linkage can be
easily estimated through the g-axis disturbance voltage, u, 4.,
observed by the LESO, which can be expressed as

dig
“dt
where AL,di,/dt is a periodic component at the steady-state,
which can be eliminated by a low-pass filter. When the parameter
variations of resistance and d-axis inductance are not obvious,
wetp pp(ig) is the main part of ug_g., so that the estimated PM
flux linkage at steady state can be calculated by

- _ LPF(uy_qc)

Ypy = ————".
We

Based on (9) and (10), the estimation error of the PM flux
linkage can be expressed as

g de=ARig +weALgiatweppy(ia)+AL )

(10)

ARiq + weALdz’d

We

(1)

VPM_err = VYPM — VPV =
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It can be found that ¢)pps ¢ is mainly caused by the varia-
tions of winding resistance and d-axis inductance. The machine
temperature is the main cause of the resistance variation. The
resistance variation of the studied machine is 0.08 2 after
2-h full-load operation and 1 pys ¢ caused by the resistance
variation is only 0.003 Wb (1.1% of v p1) at rated speed 800
r/min, which can be neglected in this study. In the i; = 0 control,
Ypu_err 18 not affected by the d-axis inductance variation.
However, its influence cannot be ignored in MTPA or FW control
due to the existence of d-axis current, particularly at heavy load
condition. Therefore, the d-axis inductances at different MS and
load conditions should be accurately estimated to improve the
estimation accuracy of the PM flux linkage.

D. Online Estimation of dq-Axis Inductances

In the process of estimating dg-axis inductances, the VSI
nonlinearity, including the dead-time, turn-ON delay, turn-OFF
delay, should be compensated. The offline compensation method
[17]-[20] is adopted in this article due to its simplicity, and the
distorted voltage U j¢q4 can thus be written as

Tdead + Ton - Uf + Udiode
T

where Tgeqq is the hardware deadtime, T, and T,g are the
turn-ON and turn-OFF delay times of the transistor, respectively,
U4 is the dc bus voltage, T is the sampling time of the
processor, Uy and U g;o4. are the voltage drops of the transistor
and freewheeling diode, respectively.

Consequently, the dg-axis voltage equation considering the
VSI nonlinearity [17] can be obtained as

uqg = Uy + DqUgead
Ug = u; + Dquead

T,
Udead= Y Uge + (12)

(13)

where ujj and ug are the real dg-axis voltages considering the VSI
nonlinearity, Uj.qq 1S the magnitude of the distorted voltage in
the dg-axis reference frame, D4 and D, are the coefficients of the
dg-axis distorted voltages, respectively, which can be expressed
as follows:

) R B R e

sign(ia)
x| sign(ip)
sign(ic)

(14)

where @ is the rotor position, sign is the symbolic function, and
i, ip, and i, are the three-phase currents.

The derivative terms in the voltage equation can be neglected
at steady state. Based on the simplified voltage equation and the
estimated PM flux linkage 1& P, the dg-axis inductances can be
respectively estimated from

f/d — “q*Dqu;ad*Riq _ 1/;;31»1
: 5 ‘ (15)

_ _ug=DgUgeqd—Rig
q Welq :

The recursive least squares algorithm is employed for the dg-
axis inductances estimation due to its good convergence and
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stability [21], [22]. The estimation object model is given as

Y (k) =0TZ(k) (16)
where Y(k) is the output vector, © (k) is the unknown parameter
vector and Z(k) is the signal vector. Then, the parameters can be
estimated by using the following equations:

Ao A P(k—1)Z (k)
O(k) =0k = 1) + 5zrmptnzH

X (Y(k) — ZT(k)O(k — 1))

7)

<P(k Pl 1) Z(k)Z7 (k)P (k — 1))

rt ZT (k)P (k — 1)Z(k)
(18)

where P(k) is the covariance vector and A is the forgetting factor
(A<1). The dg-axis inductances can be estimated by expressing
the model (15) in the form of (16).

As shown in Fig. 3, the estimated dg-axis inductances are
updated to the LADR-FFD current controller to improve its
robustness and control performance. When estimating L, the
estimated PM flux linkage in the last sampling period will
be used and updated into the L, estimator. Similarly, when
estimating PM flux linkage, the previous estimated L, will also
be utilized. Finally, the accurate PM flux linkage and dg-axis
inductances can be simultaneously obtained by the self-tuning
between the two estimators.

IV. PROPOSED CONTROL STRATEGY FOR VFMM

The schematic diagram of the proposed online-parameter-
estimation-based control strategy for high efficiency and wide
speed operation of VFMM is illustrated in Fig. 4. It consists
of two online parameter estimators, an MS controller and an
MTPA&FW controller. The schematic diagram of the MS con-
troller is shown in Fig. 5. First, the speed at the intersection of
the torque-speed curves at the two MSs is set as switching speed
(w1). When the speed w,, is lower than w1, the machine should
run at MS1, while when the speed w,,, exceeds w1, the machine
should run at MS2. Then, a hysteresis controller [4] is utilized
to reduce the frequency of MS manipulation, particularly when
the machine is operating around w;. When receiving an MS
manipulation command, the MS controller will be immediately
activated to generate a transient current pulse to change the MS
of LCF PMs. Besides, when the difference between the estimated
and reference PM flux linkage is larger than the preset range due
to unexpected PM working point drifting, the MS controller will
apply a magnetizing or demagnetizing current pulse to recover
the original MS.

The MTPA&FW controller makes the machine run in the
MTPA or FW mode according to the speed and load conditions,
generating corresponding dg-axis current commands. Fig. 6
shows the configuration of the controller at the two MSs, which
incorporates the MTPA operation in the constant torque region
and the FW operation in the constant power region, as well as
the switch algorithm between them.
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1 1 the speed loop, as shown in Fig. 4. It should be noted that
| i i . . . . . . .
! , ( Switchsignal, x5 should be limited to avoid unintended demagnetization
10 o @ Speed, at MS1 in theory. However, this limitation is unnecessary for the
studied machine due to the relatively small difference between
Fig. 5. Schematic diagram of the MS controller [4].
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Fig. 6. Configuration of the MTPA&FW controller.

A. MTPA Control

In the constant torque region of each MS, the MTPA control is
adopted to produce the maximum machine torque per ampere by
utilizing the reluctance torque. Based on the torque (2) and the
estimated machine parameters [22], the dg-axis currents under

the dg-axis inductances.
Besides, the difference between the estimated dg-axis in-
ductances should be first calculated to avoid the division by
zero issue when solving (19). When the calculated difference is
smaller than the preset range ¢, the dg-axis currents under the
MTPA control are taken as
|7 7 igurpa =0
zf’Lq—Ld‘gs,{.* - (20)
LyMTPA T I;.

B. FW Control

Due to the limitation of inverter, the voltage and current of
the machine should satisfy the following equations:

{ ui + Ug S ul2imit (21)
B4 2

where u;;p,: (U dc/\/g) and ij;,;; are the maximum amplitudes
of phase voltage vector and current vector, respectively.

When the speed exceeds the rated speed of each M, a contin-
uous negative d-axis current should be increased to ensure the
amplitude of voltage vector is within u;,,,;+. In the steady-state
operation, by substituting (1) into (21) and neglecting the voltage
drop on the resistance, the dg-axis currents should satisfy

= (Ywmt )2
We

(iqiq)Q + (Laia + 1Z)PM)2

22
i3 42 = I;2. @2)
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A newly developed FW control combining feedforward and
feedback approaches is proposed in this article to tradeoff be-
tween the fast response and robustness of current regulation
[12]. The feedforward component of d-axis current under the
FW control [23], ijpyw g can be obtained as a tentative solution
quickly by solving (22). The feedback component ijjpywy ¢q iS
gained through the PI controller, in which the input and the
feedback signals are uy;,,; and u*, respectively, as shown in
Fig. 6. Thus, the d-axis current under the FW control can be
calculated as

tarw=larw_ff T larw_fa- (23)

In the developed FW control, not only the fast response per-
formance can be achieved by solving (22) but also the influence
of neglecting resistance when solving (22) can be alleviated
through the FW PI controller.

To avoid unintended demagnetization, the d-axis current of
the machine at the two MSs should be constrained as
iy iy > Ige

M5l iq = {Ide i < Lae

MS2, i = i, 24)

The g-axis current under the FW control can be expressed as

s _ * 2 *%2
Lgpw =/ I — iy

The switch algorithm between the MTPA and FW control

(25)

modes is shown in Fig. 6. When u* (u* = 4 /ufl + ug) exceeds
the voltage limitation uy;,,;+, the machine will switch from the
MTPA mode to the FW mode with a larger d-axis current. Then,
if the magnitude of d-axis current in the MTPA mode ijj;ppa
grows larger than that in the FW mode iy, , the machine
will run in the MTPA mode. Therefore, the seamless transition
between the MTPA and FW modes can be achieved by using the
proposed switch algorithm.

In summary, the dg-axis reference currents are directly gener-
ated by solving (22) in the online-parameter- estimation-based
MTPA control, in which the machine parameters are updated
online, achieving fast transient response and good robust to
parameter variation at any MS. On the other side, the newly
developed FW control inherits the advantages of both the feed-
forward and feedback FW methods so that the fast response,
stability, and robustness of current regulation can be guaranteed.
Meanwhile, the on-load demagnetization of the studied machine
can be avoided by restricting the magnitude of the d-axis con-
tinuous current.

V. EXPERIMENTAL VALIDATION

Fig. 7 shows the experimental setup used for experimental
validation of the proposed control strategy. The tested HMC-
VFEMM is connected with a torque meter and a servo motor,
as shown in Fig. 7(a). The machine is fed by a three-phase
half-bridge inverter consisting of six MOSFETs (FDA59N30). A
STM32F407VET6 is used to implement the control strategy, and
DAC: (digital to analog conversion) are used to output variables
to an oscilloscope. The main parameters of the prototype and
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Fig. 7. Experimental setup. (a) Test rig of the HMC-VFMM prototype. (b)
Control board.

TABLE 1
MAIN PARAMETERS OF THE HMC-VFMM PROTOTYPE, DEFINITIONS OF
DIFFERENT MSS, AND EXPERIMENTAL SETUP INFORMATION [2]

Symbol Quantity Value
Uye DC bus voltage 100 V
Py rated power 500 W
ny rated speed 800 rpm
P pole pairs 2
Iy rated current 75A

Ve PM flux linkage at MS1 0.263 Wb
Ve PM flux linkage at MS2 0.152 Wb
Lao nominal d-axis inductance 17 mH
Lo nominal g-axis inductance 32 mH
R phase resistance 1.3 Ohm
TABLE I
TyPICAL ELECTRICAL PARAMETERS OF VSI

Turn off delay 7,5 0.715 pus

Turn on delay 7,, 0.320 ps

Hardware dead time 7o 2 us

Sampling time 7 100 ps

Voltage drop of the freewheeling diode Ujioge 14V

Static drain-source on-resistance of MOSFET Rpg 47 mQ

the typical electrical parameters of VSI are tabulated in Tables
Iand II.

A. Performance of LADR-FFD Current Controller

Fig. 8 shows the current tracking performance during the MS
manipulation by using the LADR-FFD current controller. The
reference and real waveforms of a +35 A d-axis magnetizing
current and a —25 A d-axis demagnetizing current are shown
in Fig. 8(a) and (b), respectively. It can be found that the real
current can track the reference value accurately.
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MS2 (0.152 Wb, 900 r/min), at different load conditions, under iy = 0 control.
(a) Estimation value. (b) Estimation error.

B. PM Flux Linkage Estimation

Fig. 9 illustrates the experimental waveforms of the estimated
PM flux linkage and d-axis current pulse at different MSs. The
machine is running at 600 r/min and rated load condition. It
can be clearly observed that the estimation result by using the
proposed method is very close to the real value at steady state
and the estimation error can be accepted at both MS1 and MS2.

Fig. 10(a) and (b) shows the estimated PM flux linkage and the
percent of estimation error against g-axis current when adopting
the i; = O control and the speeds are 600 r/min at MS1 and 900
r/min at MS2, respectively. In both the cases, the estimation
results by using the proposed estimation method are close to
the real values. The percent of maximum estimation error at the
two MSs are within 4%. It should be noted that the inductance
variation has no effect on the estimation results due to iy = 0,
according to (11).
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Figs. 11 and 12 demonstrate the PM flux linkage estimation
results against the current vector /; under MTPA control at
MS1 (0.263 Wb, 600 r/min) and MS2 (0.152 Wb, 900 r/min),
in which the red and the green lines represent the estimation
results when using the fixed d-axis inductance value (L40) and
the online updated L 4, respectively. It can be easily observed that
the estimation error under the fixed d-axis inductance increases
gradually with the increase of load current at both MS 1 and MS2.
The maximum relative estimation errors are 8.6% at MS1, and
10.7% at MS2. While the maximum relative estimation errors
are within 1.5% at both MS1 and MS2 when using the online
updated d-axis inductance. It indicates that the PM flux linkage
can be precisely estimated at different MSs under the MTPA
control by using the proposed estimation method.

Figs. 13 and 14 present the PM flux linkage estimation results
against d-axis current iy under the FW control at MS1 (0.263
Wb, 1000 r/min) and MS2 (0.152 Wb, 1600 r/min). The g-axis
current i, is constant 3 A and the machine is not saturated
in these experiments, namely the PM flux linkage will not be
reduced when the load current is added. It can be easily seen that
the estimation errors under the fixed d-axis inductance increase
gradually with the increase of negative d-axis current at both
MS1 and MS2. The maximum relative estimation errors are
16.3% at MS1 and 21.1% at MS2 respectively, which are larger
than the errors under the MTPA control. While the maximum
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relative estimation errors are within 2.6% at both MS1 and MS2
when using the online updated d-axis inductance. It indicates
that the PM flux linkage can be precisely estimated at different
MSs under the FW control by using the proposed estimation
method.

Fig. 15 shows a comparison of the measured and estimated
PM flux linkages when applying various d-axis current pulses. It
can be found that the PM flux linkages can be estimated within
an acceptable error compared with the reference values whether
in magnetization or demagnetization.

Figs. 16 and 17 show the PM flux linkage estimation results
against the current vector /5 at MS1 (0.258 Wb, 600 r/min)
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and MS2 (0.147 Wb, 900 r/min), at 65.2 °C under the MTPA
control. It can be clearly observed that the maximum relative
estimation errors under the fixed d-axis inductance are 6.69%
at MS1 and 12.9% at MS2, respectively. While the maximum
relative estimation errors are within 2.0% at both MS1 and MS2
when using the online updated d-axis inductance. It indicates
that the PM flux linkage can be precisely estimated at different
MS and temperature conditions by using the proposed estimation
method.

It should be noted that the actual PM flux linkages represented
by the black dotted lines in Figs. 10-14, 16, and 17, which are
achieved by analyzing the no-load back EMF and output torque,
have a slight reduction at load condition, particularly at MS1,
namely the saturation effect is considered.

C. Experimental Results of the Proposed Control Strategy

Fig. 18 shows the three MTPA trajectories, which are mea-
sured by experiments, calculated by using the fixed and esti-
mated machine parameters, respectively. It can be clearly ob-
served that the calculated MTPA trajectory by using the updated
machine parameters is more consistent with the experimental
trajectory at both MS1 and MS2, compared with the calculated
trajectory by using the fixed machine parameters. It indicates
that online parameter estimation is necessary for the calculation
of MTPA trajectory, particularly at heavy load condition. Con-
sequently, the optimal MTPA trajectories can be achieved to
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reduce the copper loss in the constant torque region, improving
the machine efficiency.

Fig. 19 shows the dg-axis currents versus speed at MS1
and MS2, respectively. The maximum torques are produced by
utilizing the reluctance torque through applying a continuous
d-axis current. The on-load demagnetization can be avoided by
restricting the magnitude of the d-axis current.
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Fig. 20 shows the curves of torque versus speed when using
the proposed strategy and i ; = 0 control, at MS1 and MS2. It can
be clearly observed that the output torque by using the proposed
strategy is larger than the torque produced by iy = 0 control in
the constant torque region at each MS. More importantly, the
speed ranges at both MS1 and MS2 are significantly extended
in the constant power region.

Fig. 21 shows the dynamic responses of the machine with the
proposed strategy when the speed increases from 400 to 1000
r/min with constant 3 N-m load, at MS1 (without MS change).
In the proposed control strategy, the maximum torque under the
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4) The newly developed online-parameter-estimation-based

FW control combining the feedforward and feedback ap-
proaches can further expand the speed range and improve
the dynamic performance and stability of current regula-
tion, in which the on-load demagnetization can also be
avoided.

The effectiveness of the proposed control strategy has been
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Fig. 22.  Experimental dynamic responses of the machine with the proposed

strategy when the speed increases from 400 to 1600 r/min with constant 1 N-m
load, switching from MS1 to MS2. (a) Speed and estimated PM flux linkage.
(b) DQ-axis currents.

MTPA control is immediately produced when the 1000 r/min
speed command is given at 2 s. Then, the machine switches from
MTPA to FW control with the increase of speed, as shown in
Fig. 21. The optimal dg-axis currents are rapidly generated in the
whole process so that the robustness and dynamic performance
of the proposed control strategy are verified.

Fig. 22 presents the dynamic MS manipulation process with
the proposed strategy when the speed increases from 400 to 1600
r/min, at 1 N-m load condition. The experimental waveforms of
speed, PM flux linkage and dg-axis currents are simultaneously
shown. When the machine speed is around 900 r/min, a -25
A i, pulse is supplied into the stator winding and the machine
is switched from MS1 to MS2. During the MS manipulation
period, which is set as 150 ms in this article, the g-axis current is
adaptively generated according to the speed controller to ensure
the actual speed can track the reference speed well. While, in
the other periods, the optimal dg-axis currents are generated by
the proposed strategy to reduce the copper losses.

VI. CONCLUSION

This article proposes a novel control strategy combining the
MTPA and FW controls for VFMM based on online parameter
estimation. The major contributions of this article include the
following.

1) The structured LADR-FFD current controller is able to

greatly improve the current tracking performance.
2) The PM flux linkage can be precisely estimated by updat-
ing the online estimated dg-axis inductances at different
MS, load, and temperature conditions.

3) The online-parameter-estimation-based MTPA control
can obviously reduce the copper loss in the constant torque
region at each MS.

verified by experiments.
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