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Abstract: Based on current research into the mathematical model of the permanent magnet synchronous
motor (PMSM) and the feedback linearization theory, a control strategy established upon feedback
linearization is proposed. The Lie differential operation is performed on the output variable to obtain
the state feedback of the nonlinear system, and the dynamic characteristics of the original system
are transformed into linear dynamic characteristics. A current controller based on the input-output
feedback linearization algorithm is designed to realize the input-output linearization control of the
PMSM. The current controller decouples the d—q axis current from the flux linkage information of
the motor and outputs a control voltage. When the motor speed reaches above the base speed, the
field-forward and straight-axis current components are newly distributed to achieve field weakening
control, which can realize the smooth transition between the constant torque region and weak magnetic
region. Simulation and experimental results show the feasibility and viability of the strategy.

Keywords: permanent magnet synchronous motor; field weakening control; feedback linearization;
current lead angle

1. Introduction

Permanent magnet synchronous motor (PMSM) have been widely used in a variety of industrial
applications due to their high power density, high efficiency, high reliability and wide constant power
operating range [1]. In the running process of the motor, when the speed increases to the base speed, the
stator terminal voltage reaches the inverter output limit value, the current regulator reaches saturation
state, and the motor speed cannot continue to rise. In order to make the motor reach a higher speed, it
is necessary to adopt corresponding measures to make the current regulator desaturated, regain the
control ability of the current, and realize the rebalancing relationship between the motor speed and the
back electromotive force. The flux weakening (FW) control strategy of PMSM first appeared in the
1980s [2]. It is pointed out that the stator current of the motor is constrained by the voltage limit circle
and the current limit circle, and the maximum torque current curve is obtained. Through the study of
vector control theory, there are two main ways to improve the weak magnetic performance: one is to
optimize the structure of the motor body; the other is to study the flux weakening control from the
control algorithm strategy [3]. This paper mainly researches on the flux weakening control algorithm,
so the optimization of the weak magnetic field of the motor body structure is not described in detail.

The PMSM rotor structure is special and the flux linkage is constant, which makes the flux
weakening control more complicated [4]. When the PMSM is running in the field weakening control
zone, once the given torque is suddenly changed, the output voltage of the current controller is easy to
saturate. At this time, the output torque performance of the motor will be affected, and in severe cases,
the entire system will be out of control [5-7]. The six-step voltage method is a representative control
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approach that can improve the use of direct current (DC) bus voltage [8]. The single current regulator,
including the voltage angle, has the voltage vector angle by proportional-integral (PI) adjustment of
the d-axis current error and the speed expansion effect is good [9]. The feed forward flux weakening
control strategy estimates the d-axis current using the motor parameters and the voltage limit circle,
and the dynamic performance is good. However, when the motor parameters change, the control
strategy is difficult to follow the optimal trajectory. Therefore, it is not common in practical applications,
and is mostly used in the simulation process where the motor parameters are known and will not
change [10-12]. The online parameter prediction control method estimates the d—q axis inductance,
which reduces the dependence on the motor parameters. However, the derivation and calculation
are cumbersome and complicated and are not highly recommended for various applications [13].
The control strategy of the d-axis current compensation is ideal for dynamic performance but requires
precise parameters of the motor [14]. The gradient descent method weak field control can update the
given value of the stator current according to the position of the weak magnetic region. The control
method can adjust the weak magnetic running direction in real time, realize nonlinear control of the
weak magnetic region, high control precision and fast response speed [15-17]. However, this algorithm
is extremely complicated and has a large dependence on motor parameters. Professor Xu Longya
of the Ohio State University proposed a single-current flux weakening control algorithm for various
problems in the above flux weakening control method. In this control strategy, the d-axis reference
voltage is still given by the d-axis current regulator output. However, the g-axis reference voltage is
given externally, so that once the d-axis given current is determined, the g-axis given current can be
directly obtained. This method relieves the shackles on the current regulator and broadens the range
of weak magnetic acceleration [18]. Whereas, the control strategy itself has the disadvantages of poor
load capacity and low power utilization, and can only operate in an electric state and cannot operate in
a power generation state. Direct-flux vector control (DFVC) is derived from the direct torque control
(DTC) idea. DTC is adopted when the motor runs below the base speed, which requires parameter
calculation based on the motor model. When the motor enters the field weakening zone, the parameter
calculation can be omitted. DFVC uses the current constraint condition when the motor runs in the
maximum torque per voltage (MTPV) to determine whether flux weakening control is performed.
The influence of constant power speed ratio (CPSR) on the weak magnetic property of the motor is
fully considered [19-22].

This paper investigates the PMSM, and from the analysis of its topology and principles, a control
strategy based on feedback linearization is proposed. Since the PMSM is a complex nonlinear system,
favorable control performance can be obtained by decoupling the coupling term in its mathematical
equation. The commonly used PI control decoupling is difficult to meet the performance requirements
in the full speed range. Therefore, the feedback linearization theory is applied. The Lie differential
operation of the output variable is used to obtain the required coordinate transformation and nonlinear
system state feedback. The input-output feedback linearization of the PMSM is realized, and the
feedback linearization algorithm is designed. The controller implements the decoupling control of the
system. When the motor speed reaches the turning speed, the stator current vector and the cross-axis
current vector have a certain angle, that is, the current lead angle. The stator current is re-allocated
by controlling the current lead angle to control the current components of the cross-axis and the
straight-axis. As the lead angle of the current increases, the direct current increases inversely, the
cross-axis current decreases, and the motor changes smoothly to the flux weakening control zone.
The simulation and experimental research into the control system demonstrate that the proposed
control strategy is robust, and exhibits both stable and accurate dynamic tracking.

The organization of this paper is as follows: Section 2 analyzes the mathematical model of PMSM.
Section 3 introduces the concept of flux weakening control. Section 4 designs the field weakening
control strategy, and Section 5 provides the simulation results. Section 6 provides the experimental
results. Section 7 summarizes this article.
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2. PMSM Mathematical Model

To facilitate the analysis and application, the interference of the core parameters, such as core
saturation, higher harmonics and eddy current on the motor parameters is temporarily disregarded.
The voltage equation of PMSM in a synchronous rotating coordinate system is shown [23].

. ood
.ood
The flux linkage equation:
Va = Laig + ¢y 3)
¥q = Lqly. )
The electromagnetic torque is:
Tem = 1~5Pn(1/’diq - l/’qid)~ @)

Based on the theory of magnetic field orientation, the state equation of PMSM in a synchronous
rotating coordinate system is:

id —Rg /L NpWe 0 id ud/Ld
i‘q =| npwe -Rs/L  -npys/L ig |+| ug/Ly | (6)
We 0 1.5np1j1f/] -B/] We -Tr/]

It can be seen from Equation (6) that the PMSM is a multi-variable system. There is a strong
nonlinear coupling relationship between iy, i; and w,, which cannot be adjusted separately. Therefore,
iy and iy need to be used in order to achieve decoupling.

The equation of mechanical motion:

d
Tom — T}, = J% + Ba. @)

When the motor is in stable operation, the integral amount can be ignored and the voltage equation
can be simplified as:
Ug = Rsid - a)eLqiq. (8)

When the motor is running at a high speed, the voltage equation can be simplified as:

Ug = —w,Lgig. (10)

Uy = weLgig + a)glpf. (11)
Substituting Equations (3) and (4) into Equation (5) yields:
Tem = 1.5pu[Yrig + (Lg — Lg)iaig)- (12)

ug, ug, Y4 and Y, are the stator voltage and flux linkage components in the d-q coordinate system,
respectively, where i; and i, are the direct axis and the intersecting axis current, respectively, while L4
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and L, are the direct axis and the intersecting axis inductance, respectively. Meanwhile, R; is the stator
resistance; 1y is the rotor flux; Ty, is the electromagnetic torque output by the motor; Ty, is the load
torque; P, is the motor pole pair;  is the moment of inertia; w, is the rotor angular velocity and wy, is
the mechanical angular velocity.

In Equation (12), the electromagnetic torque T,;; consists of two parts such as reluctance torque
and excitation torque. Since the L; of the PMSM is usually smaller than L, the optimal control of the
PMSM can be achieved by changing the reluctance torque.

3. Field Weakening Operation Control

Assuming that the motor is in a steady state and ignoring its winding voltage drop, the motor
d—q axis flux linkage equation is as follows [24-26]:

g = Lgig = pLyiy
. . 13
{ Va = Laig + ¢5 13)

By combining Equation (13) with the motor torque Equation (5), the motor d—q axis composite
flux linkage can be regarded as a function of the d-axis current. The functional equation is:

2 . \2 2 (pLyT.)? ,
($ag)” = (pLaiq)” + (Y5 + Lyig)” = 97— (- )Laid? + (5 + Lyig). (14)

From Equation (14), it can be found that the motor flux linkage increases as the d-axis current
increases, and when the d-axis current reaches ¢/ (p — 1)L, the motor flux linkage reaches infinity.

2 27 372
d(l’;fi‘ﬁ _ 2Lt .1)3 +2Ly( + Lyiy) = 0. (15)
' [Yr = (p—1)Laid]

When the running state of the motor satisfies the Equation (15), the flux linkage is a constant,
and the voltage amplitude does not change under the condition that the rotational speed is constant.
For the voltage limit ellipse, when the motor speed is fixed, the voltage amplitude of any working
point on the ellipse is fixed, and the amplitude of the motor flux linkage is constant. The set of tangent
points of the equal torque curve and the voltage limit ellipse is called the minimum flux per torque
(MFPT) trajectory. On the equal torque curve, the variation of the flux amplitude is shown in Figure 1.

et

MEFPT \ & e
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Magnetic flux w
increase N\

Figure 1. Variation of flux magnitude on the constant torque curves.

Figure 2 shows the curve of the operating point when the motor was weakly magnetically
operated. The boundary line consisting of the maximum torque per ampere (MTPA) trajectory, the
MEFPT trajectory and the current limit circular trajectory divides the operating range of the motor into
three parts.
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MTPA . 4, T

Figure 2. Operating point trajectory of flux weakening (FW).

In the interval I, for a given torque command, the MTPA control algorithm is selected without
considering the weak magnetic requirement, so the operating point of the motor in the interval I exists
only on the MTPA trajectory. In interval II, the motor needs to output a larger current for a given torque
command, but it is close to the MFPT track, the required flux linkage amplitude becomes smaller.
In the interval I1I, for a given torque command, the current and flux linkage of the motor are the largest,
so the actual control should ensure that the motor operating point does not enter the interval III.

When the motor needs weak field in the operation of the interval II, its working point should be
moved to the MFPT from the MTPA along the equal torque curve. At this time, the motor flux linkage
is minimized, and the motor operating point will not continue to move along the equal torque curve.
However, as the rotational speed continues to rise, the MFPT trajectory gradually moves toward the
C point.

4. The Improved Flux Weakening Control Strategy

When the motor speed reaches the rated speed, the current regulator reaches saturation state, and
the PMSM stator voltage and current reach the voltage limit circle and current limit circle of the inverter
output. At this time, in order to further increase the motor speed, PMSM flux weakening control
can be realized by increasing the direct shaft demagnetization current. The field weakening control
usually has feedforward control and feedback control. The feedforward control is highly dependent
on the motor parameters, and the speed regulation performance is poor, which is not commonly used
in actual working conditions. Feedback control can be divided into negative straight axis current
compensation method and current lead angle weak field control.

When the PMSM reaches the turning speed, the stator current is controlled to slide to the left
along the current limit circle. There is an angle between the stator current vector and the quadrature
axis current component. By re-distributing the stator current by controlling this lead angle, the system
again controls the current component of the cross-axis. At the same time, due to the non-coupling of
the system, a feedback-based current controller is designed to decouple the current components in the
synchronous rotating coordinate system.

4.1. Current Decoupling Control

Vector control is widely used in the traditional alternating current speed control system, because
of its simple algorithm, high reliability and strong robustness [27]. Whereas, for the coupling problem
of nonlinear systems, vector control is processed by voltage feedforward, and the coupling term is
directly eliminated from the differential equation. This approach has a certain impact on the stability
of the system.

As a kind of nonlinear control technology, feedback linearization has outstanding advantages in
solving the coupling problem of the system. The method is developed based on differential geometry.
By analyzing the mathematical model of the controlled system, the linear control law of the system is
obtained. This method can realize the linearization of the system by accurately solving the mathematical
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model of the controlled object. Since its strong coupling, multivariable and non-linear characteristics,
feedback linearization control is used to decouple the system, which can achieve accurate linearization
of the system.

The main idea of feedback linearization is to make the input and output of the controlled object
linear through coordinate transformation and state feedback [28]. In this way, the system controller
can be designed by applying a more mature linear control method. It has differences between feedback
linearization and traditional linearization method. The traditional linearization method is implemented
by ignoring the higher-order terms of the polynomial when Taylor series is expanded, and the exact
linearization method is for the whole domain of the system [29-31]. This method preserves all state
features of the system, so the mathematical model derived from this method is linear and complete.

A re-writing of the system state Equation (6) in the d—q coordinate system to the affine nonlinear

standard form is as follows: .
x = f(x) + g1(x)ug + g2(x)ug

y1=hi(x) =y : (16)
y1=mh (X) = qu
~Rsig + Lyiqwe
f(x) =| —Rsiq = Liigwe — wes |- (17)

(Te -P,T, _Ba)e)/]

T
si=[10 0]
T .
g=[01 0]
Before proceeding with the derivation, we must first introduce the concept of Lie derivative.
h(x) = h(x1,x2, ... xp) and f(x) = [f1(x), f2(x), ... fn(x)]T are the scalar function and smooth vector

field of the n-dimensional vector x[x1,x;, ... ,x,], then the Lie derivative of & to f is a scalar field
defined as:

(18)

Lih(x) = S22 (x). (19)

fl(xl,JQ,Xg,...,xn)
G s Fa()] = :fz(x1,xz,x3,...,xn) ‘ 20)
fu(x1,%2,X3, ..., Xp)

In fact, the Lie derivative is the rate of change of /i(x) along the direction of the vector f(x). Similarly,
if ¢ is another smooth vector field, the scalar function Lgth is:

ILh
LeLsh = gx(x) (). (21)

Before the controller can be designed, the conditions under which the feedback linearization
method is established in the direct torque control system must be discussed.
An affine nonlinear system with multiple inputs and outputs is described by the following equation:

£ = f()+ X silx)u

= . 22)
yi=hi(x),j=12...m
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If the system (22) is within a neighborhood of x, the following conditions are met:

h()]iOI (23)

L (%), oo L, L (x)
Lo L7 ha(x), .., Lg, L7 o)

Le L Y (x), ...,LgmL;’"_lhm(x)

(24)

If D(x) is non-singular, then the nonlinear system (22) has a vector relationship r = {ry,ro,... 7} at
xp. After satisfying the above conditions, the input and output decoupling is achievable when the
nonlinear system (22) in a neighborhood of x( [32]. For this system D(x) is:

P) P)
[%mi%w}:gjﬁﬁg’zr-ﬂza 25)
Lg;q Lgyiyg 157 27 01

The decoupling matrix is a nonsingular matrix that satisfies exact linearization conditions.
To decouple the equations, two virtual control quantities K; and K, are designed, defined as
follows:
{h:%:H%+%%W+%%% 26)
ko = Yo = Lypg + Lo Yqtta + Lgythqug
where: y1 = ¢4, y2 = 4. They are system output variables L), is the Lie derivative of 1; with respect

to f, and the meanings of L¢1 and Lg; are similar, and will not be described again.
Bringing Equations (25) and (26) into Equation (16) yields:

[ Ug ]:[ L ]_l[ ki —Lspg } 27
Ug Lg,¢g L ko — Lgtpg

In order for the changed linear system outputs ¢4, 1, to track the given signals 1;* and ¢;*, the
controller is designed to:
d
k=2 — a1 (9"~ )
dlp , (28)
ky = -~ az(g" =~ )
where: a1 and a, are controller modulation parameters with positive values. Finished, u; and u, can
be expressed as:

ug = —Rig + welgig —kq 29)
ug = —Riq —weLygig + wel/}f -k’
and the flux linkage tracking error equation:
d(a"—va)
S _
— (Va* = ¢a) 30)

A ) _ e )

It can be seen from these equations that the system’s steady state error can be reduced to be close
to zero by making the controller modulation parameter greater than zero.
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In order to facilitate the observation of the stator flux linkage, it is necessary to rewrite Equations (1)
and (2) into a form under the x-f3 coordinate system. The mathematical model of the permanent
magnet synchronous motor in the x-f3 coordinate system is [33]:

{ Uy = (R+ Dl)iq = wepssin @

ug = (R+DL)ig + w,yscos 0 ’ G

where D is a differential operator, 0 is the rotor flux point angle, and w, is the electrical angular velocity.
Construct extended flux linkage terms 1,1 and 1g1:

Ug1 = Pycos6
{ uﬁl = l/}f sin@® (32)

The extended flux linkage term is used to represent the permanent magnet synchronous motor
model:

Ug = (R+Dl)ig 4+ Do
; . (33)
ug = (R+ DL)Z[; + Dy
T
Order x = ¢ap1 = [ Va1 Yp1 ] , a new equation of state is available:
x = Ax+ Bu
. 4
{ y = Cx (34)
0 -—we
A = =
we] | we 0 |
0 0
B=0=|, , ] : (35)
B . [ 0 -w,
C=awf= | w, 0 |
The relationship between the stator flux linkage and the extended flux linkage is:
l,bzx = Lia + l)Dozl
. . (36)
{ Yp = Lig + Y
The electromagnetic torque equation is:
.7
Ton = 15pa| o @5 /[ da ip | - (37)

The output y of the system can be measured, so the minimum-order state observer is designed to
observe the extended flux linkage. The observer model is:

% =Ax+Bu+K[y-79], (38)

where: K is the state observer feedback matrix. The state observer is constructed according to the state
equation, and the state variable is selected as the extended flux linkage 14p1.

X = Ebaﬁl
{ X = Dlzbaﬁl . (39)
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According to the above formula, the minimum-order state observer of the extended flux linkage is:

2 =Dy
:9+{<(y_9) R ) (40)
= weﬁl)aﬁl + K(”a[)’ - Rsiaﬁ - LDitxﬁ - w]‘;baﬁl)

7 =w.]t= we]lpaﬁl

The error equation for the state observer is:

Dl:bvaﬁl = (A-KC) (92: x) (41)
= w(1=K)J(Yap1 — Yap1)
where: {b'aﬁl to expand the observation error of the observation flux linkage.
It can be seen from the above formula that by performing pole placement on the feedback matrix
K, the state observer based on the extended flux linkage can be converged, and the convergence speed
is guaranteed to be within a reasonable range.

4.2. The Current Advanced Angle

Whether the motor enters the weak magnetic region is related to the DC bus voltage on the
inverter side. Therefore, when the field weakening is controlled, the current lead angle is also related
to the DC bus voltage [34]. When the output voltage of the inverter reaches the maximum value,
the current conduction angle starts to appear. By controlling the difference between the voltage of
the motor stator terminal and the voltage of the bus on the side of the inverter, the weak magnetic
conduction angle can be adjusted to realize the stator current redistribution [35]. For redistribution,
the current regulator regains the ability to control the current vector run trajectory, allowing the motor
to reach higher speeds.

In theory, the maximum output voltage of the inverter is:

Uy = %. (42)
V3

U, is the DC bus voltage of the inverter. When Us < Uy, the PI controller is saturated and the
current lead angle is equal to zero. In Figure 3, the current command can be decomposed into a
cross-axis current and a direct-axis current.

igt = —igsin . (43)

ig* = i5 COS f3. (44)

Figure 3. Space vector permanent magnet synchronous motor (PMSM) diagram.
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The stator terminal voltage u; and u, output from the current regulator is made to be different
from the maximum voltage Uy, output from the inverter. Their deviation value is used as the control
amount of the PI regulator, and the output value is the current lead angle value. When the stator
terminal voltage is less than the inverter output voltage limit value, the motor is in the constant torque
region. At this time, the inverter output voltage can track the stator voltage output by the current
controller in real time, the deviation is zero, and the current lead angle is also zero. When the current
controller output stator terminal voltage is greater than the inverter output voltage limit value, the
output lead angle is a negative value, and the motor enters a constant power weak magnetic state.

The overall control strategy structure is shown in Figure 4:

4 fmax
S T S

= — f% .
. @l 23/ = Current i

Udc

|
&

SVPWM

n i PaRE [
1@ . Controller U; U, -
oli cosB | Iy —
n i cosfi J?
2 i A
DT |
lg PARE i, crar | 1
fe
= =
Speed =2 3
Calculatiom E =%

Figure 4. Improved FW operation control strategy.

The PI speed controller outputs the stator current through the cross-axis current conversion
outputs i; and i; . At the base speed, the maximum torque current ratio control is adopted. When
the motor speed reaches the rated speed and the current regulator output reference voltage is greater
than the inverter output voltage limit value, the output lead angle is used to perform the real-time
redistribution control of the stator current. The motor runs in the field weakening area. In this system,
the current control loop enabled the current to closely track changes in its given voltage. When the
motor is overloaded, it is guaranteed to obtain the maximum current allowed by the motor, thus
speeding up the dynamic process. The speed outer ring is the dominant regulator of the speed control
system, which has an anti-interference effect on the load change, and can reduce the speed error in
steady state.

5. System Simulation Experiment

During the simulation and testing, the modulation parameters of the current controller are set at
aj = 4520 and a; = 1920. The PMSM parameters used are shown in Table 1.

Set the motor speed to 3000 1/min, the load torque was 20 N-m in 0-10 s and increased to 70 N-m
when t = 10 s. Figures 5-7 show the simulation comparison of the traditional decoupling control and
the improved field weakening control. Based on the comparison that compared the traditional control
method, the control strategy designed in this paper had faster speed response and current response
speed, along with improved dynamic tracking properties.
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Table 1. Parameters of PMSM.

Parameter Value
Rated power/(kW) 30
Rated speed/(r/min) 2000
Polar logarithm 4
Moment of inertia/(kg-m?) 0.18
Lg, Ly/(mH) 0.13,0.33
Permanent magnet flux linkage/(Wb) 0.062
3300
3200 4

) 3100 - T

% 3000 \/\

@ 2900 4
2800 B
27009,0 9.5 1(;,0 16,5 1 l‘,O 11‘,5 12.0

t's
(a) Traditional FW control

3300 T T T

3200 - 4
= 3100 -
§ 3000 _\/
& 2900 -

2800 4

27009.0 9‘_5 lOI.O 16.5 11‘.0 11‘.5 12.0

t/s

(b) Improved FW control

Figure 5. Speed response curve.

9.0 95 100 03 110 113 2.0
t/s

(a) Traditional FW control

-20
40
<-60
-80
~100 ]
1293 95 100 1035 10 13 2.0
/s
(b) Improved FW control

Figure 6. The current response curve of the d-axis.
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210

180 |- /’\ |
150 - f
s |
120 ) |
90 - / B
60 ,
30
9.0 9.5 10.0 10.5 11.0 115 12.0
t/s
(a) Traditional FW control
210 T . .
180 /\ ,
150 1
. /
=120 |

|

9.0 9.5 10.0 10.5 11.0 11.5 12.0
tls

(b) Improved FW control
Figure 7. The current response curve of the g-axis.
6. Development of the System Experiment Platform

The system experiment platform is mainly composed of a PMSM, motor controller, dynamometer
and measurement and control system. The platform can complete the collection of vital information
such as torque, rotation, voltage and current curve and power of the motor. Figure 8 is the experimental
platform of the motor drive control system.

|
|

N Oscilloscope [mi .
3
< = ) = =t
- S ,fi %
‘ //,’.'aa \ o
|

/ "‘\

Figure 8. Test platform.

Set the motor speed to 3000 r/min, the load torque was 20 N-m in 0-10 s and increased to 70 N-m
when t = 10 s. the current and speed response curves of the traditional and the improved field
weakening control strategy are shown in Figures 9 and 10. When compared, the improved field
weakening control had a faster response and reduced system chattering.
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Speed/(1/min)
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t/s

(a) Traditional FW control

0 95 10.0 105 11.0 115
t's

(b) Improved FW control

Figure 9. Speed response curve.

v ) "
Wi "

E.

e A
Py Ll sl

.0 95 10.0 105 11.0 115
t/s

(a) Traditional FW control

i il (it
shil bl lal sl Ln il

g0 95 100 105 110 1135

tis
(b) Improved FW control

Figure 10. Current response curve of the d—q axis.
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When the load torque was 20 N-m and the motor increased from standstill to 3000 r/min, the speed
response curves of the two strategies are shown in Figures 11 and 12. When compared, the improved
field weakening control strategy had a faster speed response and the jitter was substantially eliminated.

Speed/(r/min)

Speed/(r/min)

4500
4000
3500
3000 TR lllllml]nlllJLlllLk

2500 @
2000

1500

1000
500

0 1.0 2.0 3.0 4.0 5.0
ts

Figure 11. Traditional FW speed response curve.

4500
4000

3500
3000

2500 | @
2000 |

1500

1000
500

0 1.0 2.0 3.0 4.0 5.0
/s

Figure 12. Improved FW speed response curve.

Figures 13 and 14 show the current jitter curves for two control strategies. The traditional field
weakening control strategy had obviously current jitter with a high risk of losing control. The jitter of
this strategy was small and the stability of the system was high.

Speed/(r/min)

ig
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When the load torque was 70 N-m and the motor increased from standstill to 4000 r/min, the
current dynamic response curves of the two control strategies are shown in Figures 15 and 16. Before
1.0 s, the motor runs on the MTPA curve, iz and i; remained basically constant; 1.0-1.2s, the motor
ran in the switching range between zone I and zone II; after 1.2 s, the motor ran in zone I, i; and i,
weakened magnetic force at a constant value. The traditional flux weakening control strategy will
have a sharp oscillation of d—q current during the weak magnetic acceleration phase. The improved
field weakening control strategy can be smoothly switched between the MTPA zone and the field
weakening control zone, ensuring a stable operation of the system at full speed and constant power

output over a wide speed range.

Figure 15.

Figure 16. The current response curve of improved FW at the d—q axis.
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Figure 17 shows the efficiency and speed curve for the rated conditions. In the field weakening
control zone, this is when the speed exceeded 2000 r/min and the working efficiency of the motor was
always above and below 96%, which fully met the efficiency requirements of the PMSM in the field
weakening control zone.

100
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Efficiency/%

84k ‘ ‘ ; : ]
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Speed/(r/min)

Figure 17. Efficiency/speed characteristic curve.

7. Conclusions

This study proposed a field weakening control strategy based on feedback linearization. By using
the principle of feedback linearization, the current controller selected a suitable feedback linear
transformation and input transformation for a nonlinear PMSM system, so that the mathematical
model of the system was linear relative to the new output. Decoupling control of d—q axis current was
realized in a wide working area by using the flux linkage information of the motor without losing the
controllability and accuracy of the system. In order to widen the motor speed regulation range and
reduce the difficulty of algorithm implementation, the flux weakening control of PMSM was realized
by using the current lead angle control method. Simulation and experimental results show that the
system had strong robustness against load disturbances and obtains good steady characteristics and
dynamic tracking performances.
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Abbreviations

PMSM permanent magnet synchronous motor
DC direct current

FW flux weakening

DFVC direct flux vector control

DTC direct torque control

MTPV maximum torque per voltage

CPSR constant power speed ratio

PI proportional-integral

MFPT minimum flux per torque

MTPA maximum torque per ampere
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