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Abstract

The current time optimal control method is used to plan the voltage command to achieve
the shortest current tracking time. By analyzing the time optimal current trajectory, an
improved current time optimal control method is proposed. The current transient
transition trajectory is optimized by replanning the current command in voltage
saturation region. The improved control method not only simplifies the calculation of
the algorithm, but also realizes the fast transient-current characteristics in voltage
saturation region without affecting the current steady state performance. The
experimental results verify the feasibility of the proposed method. Compared with the
conventional proportional-integral (PI) current controller, the new current control
method maintains the system stability of the motor at high speed and achieves about 27%
improvement in current transient response performance.
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1. Introduction

In recent years, high-end equipment manufacturing is an important field of industrial transformation
and upgrading. High performance servo system is one of the focuses, and has been paid more and
more attention. Permanent magnet synchronous motor (PMSM) has the advantages of high torque
inertia ratio, high power factor and power density. It is widely used in the servo system of automatic
manufacturing, intelligent robot, aerospace, ship and other fields. Therefore, the research on high-
performance PMSM servo system is of great significance and value to the national economy and
national defense construction. The servo system in the above fields often requires wide speed range
and small torque ripple, so the PMSM servo system usually adopts vector control. In the three loop
control structure based on vector control, the current loop, as the most inner loop, is a key link to
affect the performance of PMSM servo system. Therefore, the optimal design of current loop is also
one of the research hotspots of high-performance PMSM servo system.

High performance PMSM servo system requires high dynamic response ability of current loop . At
present, there are a lot of researches on how to improve the dynamic performance of the current loop,
which can be summarized as follows: 1) Modeling the non ideal factors in the motor operation process,
and then tuning the controller parameters [1-4]. This method is mainly suitable for specific controlled
objects, and its application range is not very wide. 2) Optimizing the current control sequence to
shorten the control cycle [5-8]. This method is based on the performance of the hardware, which will
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increase the hardware cost. 3) Adopting the control method based on advanced control theory, which
has strong applicability and has no special requirements for hardware. Such as sliding mode variable
structure control [9-11], nonlinear PID control [12-14], optimal control [15-17], predictive control
[18-20], etc. From the existing research, predictive control is one of the effective and promising
control methods. The so-called predictive control means that, based on the mathematical model of
the controlled object, the predicted calculated value of the controlled object is compensated to the
actual closed-loop feedback, so as to improve the control performance [21,22]. For different
applications, many scholars have studied different predictive control algorithms to improve the
dynamic performance of the current loop.

In addition to the above research, in view of the requirements of high speed and high dynamic
response of permanent magnet synchronous motor, there are still a control problems to be solved in
the current inner loop system of PMSM under high speed condition: Under the condition of voltage
saturation, the dynamic response performance of current loop system is limited. The details are as
follows:

When the bus voltage is not adjustable and the output voltage is not saturated, the output voltage
command of the current regulator can be linearly modulated by the inverter, and the actual current
will be tracked in real time according to the change of the command. However, when the motor runs
at the base speed, the sudden change of current command will make the output voltage command
value of the current regulator exceed the limit of voltage limit, and the inverter is in nonlinear
modulation state. When the output voltage is saturated, because the voltage output can not be linear
output according to the command value, the current control effect will inevitably deteriorate. At
present, there are many methods to achieve high dynamic performance of current response under
voltage saturation conditions, which can be summarized into the following two categories: 1) The
output voltage of the inverter is planned by appropriate over modulation strategy [23-26]. Reference
[23] and [24] divide the output voltage command of current controller into two parts: back EMF
component and dynamic voltage component. When the voltage is saturated, the back EMF component
is kept unchanged and the dynamic voltage component is reprogrammed to minimize the current
distortion in the transient process. References [25] and [26] focus on the transient torque action, and
propose a voltage command planning scheme to realize the fast response ability of torque. However,
the over modulation strategy is based on the current controller output value itself, so the dynamic
performance improvement effect of this method has its own limitations. 2) The shortest time of
current transient process is realized by current trajectory planning. The most typical application
method is the application of time optimal control strategy in current control [27,28]. Under the
condition of voltage limitation, the voltage command can be calculated according to the planned time
optimal current trajectory. Although this method can achieve the shortest transient transition time, it
is difficult in practical application because of its complex calculation and high accuracy requirements.
References [29] and [30] proposed a method to modify current instruction based on current error
feedback value. In order to achieve the shortest transient process time, the current error term of
negative q axis was added in the front end of d axis current input. Although this method can improve
the dynamic performance of the current loop, the steady state error deteriorates the stability of the
system.

In view of the above problem, this paper is to present a fast transient-current control method for
PMSM based on current trajectory replanning in voltage saturation region, which guarantees the
system stability of the motor at high speed and improve the output torque response performance in
voltage saturation region. The main contributions in this paper is as follows:

The current time optimal control method is used to plan the voltage command to achieve the shortest
current tracking time. Considering the computational complexity of the optimal control algorithm, an
improved current time optimal control method is proposed by analyzing the time optimal current
trajectory. The current transient transition trajectory is optimized by replanning the current command
in voltage saturation region. The control method not only simplifies the calculation of the algorithm,
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but also realizes the fast transient-current characteristics in voltage saturation region without affecting
the current steady state performance. Different from most flux weakening control methods, the
improved current time optimal control method can improve the transient response performance of the
current controller in the saturated state. When the system returns to the steady state, the algorithm
automatically returns to the maximum torque current ratio control. This control method not only
meets the improvement of the transient performance of the system, but also ensures the maximum
torque control in the steady state. For most flux weakening control methods [31,32], the main concern
is that the system can achieve high speed steady-state situation, that is, when the output voltage
reaches the bus voltage saturation value, in order to achieve stable current control above the base
speed, it is necessary to weaken the stator flux linkage, that is, using the excitation current component
in the stator side to achieve demagnetization. It sacrifices torque performance in exchange for high
speed.

2. Design of Current Time Optimal Controller

Due to the inherent characteristics of the PI regulator, the method of simply compensating the delay
error of the digital system cannot further improve the dynamic performance of the current loop. To
achieve real-time and rapid torque adjustment, it is necessary to control both the excitation current
and the torque current in the transient process. On the basis of current delay error compensation, the
high dynamic performance of PMSM under high speed condition is further improved by improving
the time optimal current control method.

The state equation of PMSM in ¢f static coordinate system is

di_—Ria —e,tu,

dr L

i Ri (1)
i:— Ip—e,+uy

dt L

whereu, andu, are aff axis voltage respectively, i, andi,areaffaxis current respectively, Rand
L are stator resistance and inductance respectively, e, ande,areff axis back EMF respectively,
ande, =—w,y ,sind,, e, =,y cosd,, 0,is rotor electrical angle, @, is rotor electrical angular
velocity, w ,is rotor flux linkage.

Assuming that £, and E_ are back EMF in dg rotating coordinate system, the back EMF in /3 static

coordinate system after# = 0 can be expressed as

e, =E,cos0,—E sin6,
e, =E,sind,+E coso, )

0,=wt+0,

The back EMF indg rotating coordinate system ( £, E, ) are closely related to the motor speed and
magnetic flux (E, =0, E, =@,y ), and they change slowly in a short time. Therefore, in most cases,
the back EMF in dg rotating coordinate system can be assumed to be constant in a short time.

By introducing equation (2) into equation (1), the equation of state is rewritten as
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e

di, —Ri, - E, cos6 +Eq sind, +u,

dr L 3)
dig _ —Riy—E,;sin6, —E cos6,+u,
dt L
The initial state? = 0 of the system is
i (0)=1i
8 )_ 4)
Ly 0)= g0
The target state (£ =1¢,) is
i(t)=1,
o 5)
ip(t,) =1y
The control constraints are
|u(t)| <u.
(6)
0<t<t,
The performance index is
Iy
J= jo dt=t, (7)

where i ,i,,are the initial currents of ¢f axis att =0. i; , i; are the reference currents of /3 axis at
t=t,. u(t)1s the system control input (u, ,u ), andu,, is the maximum value of control input.zis

the performance index, that is, the time taken for the system to reach the target value.

Now, the problem of the current control is to determine the control voltages which will force the
currents to the reference current in the minimum possible time.

According to the above system description, the Hamiltonian function H for this problem is as follows:
H=1+(-Ri,—E, cos60,+E sin0, +ua)%+(—Riﬁ —E,sinf,—E, cos0, +uﬂ)% (8)

where p,, and p ; are the costate variables.

Because the control variable is bounded and the condition of 0H /0x =0 is not tenable, the
conventional method can not solve the maximum or minimum value of the equation. Therefore,
according to Pontryagin's minimum principle, the optimal control problem of continuous system
under this condition is solved, that is, H function global minimum is used to replace the coupling
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equation. From the form of coupling equation, it can be understood as the maximum or minimum

condition of solving A function. The Hamiltonian function H is solved by using the minimum
principle.

The costate variables are the solution of the differential equations, such as

dp, __OH _R
a di, L'
9
dn, ot _R Y
a di, L'
Solve the differential equation, and then the costate variables are given by
(R/L)t
p,=a,.e
p,=a SR/ (10)
BB

where a, and a ;are constant.

The value of p, and p ; can be solved to obtain the control inputu(#) to minimize the function globally.
Given such a control input, the current transient transition time can be minimized.

From the above derivation, it can be seen that the realization of optimal control is related to the initial
state, the target state and the state with bounded control input. Under different control input limits,
the control process and results are different. When designing the current controller, the output voltage
should not only be amplitude limited, but also the voltage active area should be smaller than the
SVPWM limit circle voltage range. The voltage constraints are shown in Figure 1. In the figure,u,

. * * . * *
andu, aredq axis actual voltage, u, andu, are dq axis regulator output voltage, and u,,,, andu,,,, are

dgq axis regulator output voltage after limited amplitude. U ;. is DC bus Voltage.

Regulator output limiting
amplitude / >
————————————— 1 u
d
N | Udc

SVPWM voltage limit |
circle limitation |

2
|2 2 < L !
:ud+uq_(\/§Udcj |
|
|
|

Figure 1. Voltage constraints

In the following, the current time optimal controller is designed according to the different voltage
control input limits.
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2.1 Design of Current Time Optimal Control Algorithm under SVPWM Voltage Limit Circle
Limitation

When the current regulator has no output limiting, the maximum output voltage of the inverter is

limited by the bus voltage and SVPWM modulation mode, that is, the maximum output voltage of

the inverter is limited by the voltage limit circle. Therefore, the bounded conditions of voltage control
input are as follows:

1

3

(ui+uf,)=(u§+u§)£( U, =u (11)

Combined with equation (9) and equation (11), according to Pontryagin's minimum principle, the
values of control voltages (u, ,u,) are as follows in order to minimize the Hamiltonian function H :

(12)

(13)

According to equation (13), sincea, and a,are constant, the control voltages (u,, ,u ) turn out to be
constant.

By solving (3), the states (i, , i,) are given by the following equations:

i =(1-e®Py e 4 (K cosO, — K, sinb, +i,,)e @' — K, cos6, + K, sin,
R
(14)
u
iy=(- e‘“””)f + (K, cos 8, +K,sin 6, +iy) e — K cosd, - K, sin0,

Where
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' R+(ol) R +(ol) s
_RE,~(0,L)E, oLy,
" R+(wl) R+(ol)

_ RE, - (o,L)E,  Roy,

Let t; be the minimum time required to force the initial states(i,,1,,) to the reference states (i, (t;),

i (t;) ). The reference currents are given by the following equations:

i (t,)=1,cos8 —i sin@.
A (16)
ig(t;)=1i,8n6, +i, cos0,
where 8, is defined as
O =awt,+6, (17)

By introducing equation (16) into equation (14), the control voltages can be determined

* R —(R/ L)ty * * * *
1 / S 4 ; 1
) W{_(]Q cos@,, — K, sinf,, +i,)e +(K, +i;)cos 8, — (K, +i,)sin®,

(18)

. R . . —(R/L){, * * NP
Uy :w{—(Kl cosb,, + K,sinb,, +iy)e "+ (K, +i,)cost, + (K, +i,)sinb,
—e

* * . .
whereu,, andu ;are given control voltages of af axis.

2.2 Design of Current Time Optimal Control Algorithm under Regulator Output Voltage

Limiting Amplitude
When the current regulator output is amplitude limited, the control voltage can be expressed as

max

|um|SkaUmax
| <k,U 9

whereU _ =(1/ NEYY 4 -k, and k , are constant, and k> + k; =1.

Under the above voltage constraints, according to Pontryagin's minimum principle, the values of
control voltage input is as follows to minimize the Hamilton function #

* KU (p(1)>0
u (r)=kUmaxsign(p<r>)={ka Ei 8: O; 0)
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where u” (¢) is the control voltage input under the above voltage constraints, p(¢) is the control voltage
input without amplitude limited, and k is constant.

It can be seen from equation (20) that when the control input boundary is fixed, each component of
the control vector should always take its own boundary value, thus forming the on-off control. For
the current regulator, the output voltage command ( u, , u, ) always switches between

kU o (=K 5U ) and +k,U

trajectory and switch line of control voltages (u; (1), u; (¢)) can be drawn, as shown in Figure 2.

o

(+h4U ) - Combined with equation (10), the optimal phase

max max

q *
Switch line {ua =—k,U,_.
Uy = —kﬁU

max

Figure 2. Optimal phase trajectory and switch line of control voltages

At this time, the control voltages are fixed value which is switched once every quarter cycle.
Compared with the time optimal control under the condition of voltage limit circle, it can be seen that
the complexity of current time optimal control is greatly affected by different voltage limiting
conditions.

The derivation of the time optimal control algorithm under different voltage constraints shows that
the control method is suitable for transient process. To design a complete current loop controller, it
is necessary to add a steady state controller design. Let p be the definition of transient process, then

the definition of transient process is as follows:

JG =iy + Gy =i, > p 1)

When the distance between the command current vector and the actual current vector is greater than
a fixed value p, then the time is still in the transient process. From the definition of the transient

process, it can be seen that the transient process is related to the dg axis current.

To sum up, the system block diagram of current time optimal controller for PMSM is shown in Figure
3. In the figure, i_,i,,i three-phase current, P is the number of pole pairs.
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Figure 3. System block diagram of current time optimal controller for PMSM

3. Design of Improved Current Time Optimal Controller with Current
Trajectory Planning

The improved time optimal control method is designed based on PI control. In order to improve the
transient response, the PI regulator also realizes the anti saturation function. The structure block
diagram of dgq axis PI regulator is shown in Figure 4.

Figure 4. Structure block diagram of dq axis PI regulator

(a) PI regulator of d axis, (b) PI regulator of q axis

In the figure, u,andy are the voltages after applying the circle limit or the amplitude limit., , and
u,,are feedback voltages, and the expression are

SKpd+Kid . K_K

udjb :fAld —%Aud
22
Squ +Kiq ) Kainq @2)

Uq/b :fAlq —TAuq
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where K and K, are PI regulator proportional gains. K, and K, are Pl regulator integral gains. K,
and K are Pl regulator anti saturation proportional gains. Ai,and A, are current error. Au,and Au, are

voltage error, and the expression are

Ai, =i, —1i,
Ai =i —i, o)

*

Au,=u,—u,

*
Auq =u,—u,

u,andy  are feedforward voltages, which include back EMF and cross coupling part. The expression

are
Uy =—0,Li, 24
uy =,(Li, +y,)

The output voltages of PI regulator (u,,u; ) consist of feedforward voltage and feedback voltage. The

expression are

u*zu +u
@ = Uap T Uy 25)

Mq =uqu +uqﬁ‘

In order to make the transfer function of current loop as simple as possible, the zero pole cancellation

method is used to makeﬁzﬁzﬁ. Make “vthe cut-off frequency, usually 1/10 of the PWM
K, K, R

iq

frequency (10kHz), that is I000Hz. The gain parameters design of PI controller is shown in Table 1.

Table 1. Parameters design of current loop PI controller

pd

K

id

K

ad

K

rq

K.

iq

aq

L wbw

R a)bw

N =

pd

L wbw

R a)bw

—_—

rq

When the bus voltage is fixed and the motor is in high speed state, the motor back EMF is large and
the dynamic voltage margin of gaxis is small , the output of current regulator at high speed will
inevitably exceed the voltage saturation value. Take voltage limit circle for saturation condition,
according to the over modulation control strategy of SVPWM, the voltage after over modulation will
stay within the voltage limit circle. When the command voltage exceeds the voltage limit, the defect
of poor dynamic performance of g axis current caused by small voltage margin is more obvious, and

even the real g axis current can not track the command current. By making thed axis current in the
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transient process at a negative value, the voltage margin of the 4 axis increases, thus improving the
dynamic performance of the 4 axis current.

Through the replanning of d axis transient command current trajectory, the replanned command
current ;, can be expressed as

(26)

When| K, d| < ‘st ,|» the outputd axis control voltage of the replannedd axis current command after

passing through the PI current regulator can be expressed as

*
Uy, =U, ——= Lru, —Au (27)

where ), is the output control voltage of 4 axis before replanning 4 axis current, andy ), is the output

control voltage of d axis after replanning 4 axis current. Through the above process, the value of 4 axis
output control voltage in the transient process is modified, and the negative direction of¢ axis current
is increased finally.

T \ D
[Transient command
planning

|
[ ] '
| ld + ldm I+
|
| : -
| |
| 1 .
[ Y
I |

N

|Yee|

U, | SVPWM

N inverter
Up

park clark

Improved time current optimal controller with current trajectory planning o

- /<l

Encoder

Figure 5. System block diagram of improved time current optimal controller with current trajectory
planning for PMSM

According to equations (26) and (27), when the motor is running at high speed, the action steps of
voltage command correction when the step current command occurs can be described as follows:

after the ¢ axis step command is given, the output voltage command u; will be increased

instantaneously to exceed the voltage limit circle after passing through the current controller.
According to equation (27), under the premise of replanning the 4 axis current command to equation
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(26), the system can directly compensate the part of g axis voltage component exceeding the limit

circle to thed axis voltage component, and the d axis output voltage value in the transient process is
corrected, then finally the 4 axis current increases in a negative direction. To sum up, the system block
diagram of improved time current optimal controller with current trajectory planning for PMSM is
shown in Figure 5.

4. Experiment Results

To validate the effectiveness of the proposed current control method, experimental tests were carried
out on a 2.2 kW PMSM test bench. Motor parameters are listed in Table 2. The double motor tow
loading mode is used to provide load torque through a coaxially connected load motor (running in
constant torque control mode). In the experimental tests, the developed algorithm is implemented on
a 32-bit floating point DSP TMS320F28377, and the PWM frequency and current sampling frequency
are given 10kHz.

Table 2. Motor parameters

Parameters Units Values
Rated power kW 2.2
Rated voltage \% 220
Rated speed rpm 4500
Rated torque N.m 4.7
Rated current A 10.5
Stator resistance Q 0.89
Inductance of dq axis mH 2.5
Number of pole pairs 4
EMF constant V/krpm 15

4.1 Current Time Optimal Controller

Under the no load condition of 4000rpm, the current transient response performance of the current
time optimal control and the conventional PI control are compared by giving the step signal of 9A of
the g axis current command. The system block diagram of current time optimal controller is shown in

Figure 3. Figure 6 shows the comparison of transient response of dg axis current at 4000rpm. Among

them, Figure 6(a) shows the waveform of time optimal control under voltage limit circle, Figure 6(b)
shows the waveform of time optimal control under voltage limiting amplitude, and Figure 6(c) shows
the waveform of conventional PI control. Time delay error compensation has been carried out for the
above three control methods. Compared with Figure 6(a) and Figure 6(c), it can be seen that under
higher speed condition, the time for optimal time control to reach the command current is about 3.3ms,
while the response time of conventional PI control is about 4.7 ms, and the transient transition time

is increased by about 29%. The voltage limit amplitude in Figure 6(b) is k, =k, =1/ J2 . Compared

with Figure 6(b) and Figure 6(c), the current response time of the regulator under the condition of
output voltage limiting amplitude is about 3.8ms, which is about 19% higher than that of the
conventional PI controller. However, compared with the time optimal control under limit circle, it
has obvious shortcomings. The analysis shows that the voltage operating region under the current
regulator output voltage limiting condition is obviously smaller than that under the limit circle limit,
and the dynamic performance of current is directly related to the voltage applied to RL load. At this
time, the dynamic response is slightly worse than the current time optimal control under the limit
circle limit condition. It can be seen from the current trajectories in Figure 6(a) and Figure 6(b) that
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the current trajectory with the shortest transient process time is not the current trajectory withi, =0,
on the contrary, the d axis current is in the weak magnetic state.

Current(A)
Current(A)

0 0.002  0.004 0.006 0.008 0.01 0 0.002  0.004 0.006  0.008 0.01

Time(s) Time(s)
a b

Current(A)

2
0 0.002  0.004  0.006 0.008 0.01
Time(s)
c

Figure 6. Comparison of transient response of dq axis current at high speed (Time optimal control)

(a) Time optimal control under voltage limit circle, (b) Time optimal control under voltage limiting
amplitude, (c) Conventional PI control

4.2 Improved Current Time Optimal Controller with Current Trajectory Planning

Similarly, under the no load condition of 4000rpm, the current transient response performance of the
conventional PI control and the improved current time optimal control are compared by giving the
step signal of 9A of the 4 axis current command. The system block diagram of improved current time

optimal controller is shown in Figure 5, and the actual gain values of Figure 5 are: K , =K, =2500,
K,=K,=890,K,=1/K, , K
axis current at 4000rpm. Among them, Figure 7(a) shows the waveform of conventional PI control,
Figure 7(b) shows the waveform of improved current time optimal control with current trajectory
planning. Time delay error compensation has been carried out for the above two control methods.
Compared with Figure 7(a) and Figure 7(b), under the same condition, the transient transition time of

improved time optimal control is about 3.4ms, and its transient transition time is about 27% higher
than that of conventional PI controller. The trend of dg axis current trajectory in transient process is
the same as that in Figure 6(a) when time optimal control is adopted. The above experiments show
that the voltage command can be changed by d axis current command trajectory planning in the
transient process, and the transient transition time of current can be shortened finally. It can be seen
from Figure 7(b) that the d axis current command is still O after the transient process, which can not

, =1/K . Figure 7 shows the comparison of transient response of dg

a

only improve the transient performance, but also realize the steady state maximum torque control.
Compared with Figure 6(a) and Figure 7(b), the transient transition time of improved time optimal
control is almost the same as that of time optimal control. Compared with the conventional PI
controller, the improved time optimal controller with current trajectory planning can improve the
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dynamic performance of torque output at high speed. Because the controller is simple and reliable, it
can completely replace the current time optimal controller.

10 —r r T 77T

) ) [ere)
- .
' L

.......................................

Current(A)
Current(A)

\]
i

0 0.002 0.004 0.006 0.008 0.01 0 0.002 0.004 0.006 0.008 0.01
Time(s) Time(s)
a

Figure 7. Comparison of transient response of dq axis current at high speed (Improved current time
optimal control with current trajectory planning

(a) Conventional PI control, (b) Improved current time optimal control with current trajectory
planning

5. Conclusion

This paper has presented a current time optimal control method to plan the voltage command to
achieve the shortest current tracking time. Considering the computational complexity of the optimal
control algorithm, an improved current time optimal control method is proposed by analyzing the
time optimal current trajectory. The current transient transition trajectory is optimized by replanning
the current command. The control method not only simplifies the calculation of the algorithm, but
also realizes the fast transient-current characteristics in voltage saturation region without affecting
the current steady state performance. The experimental results verify the advantages of the new
current control method in maintaining system stability and fast transient current response at high
speed.
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