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Current Dynamically Predicting Control of PMSM Targeting
the Current Vectors

Hexu Sun**, Kai Jing’, Yan Dong* and Yi Zheng*

Abstract — This paper present a current predicting control method for PMSM (permanent magnet
synchronous motor) to improve the tracking performance of stator current, which regards the current
vector as the control target. Solving the model state equation in the static frame (a-f frame), the
dynamic change of current vector will be gained as three independent terms. These change terms,
which contain the prediction of current vector, are discretized and simplified by Taylor series
expansion and used to get the voltage vector as the predictive control quantity. SVPWM will transform
the control voltage to the switching signal of inverter, which is newly deduced for the current vector.
Simulation and experiment results are given to testy and verify the performance of this method.
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1. Introduction

With the characteristics of high efficiency and high power
density, PMSMs are applied in many high-performance
servo systems in ordnance, industry and other fields.
The electromagnetic torque of PMSM is a key to the
performance of the servo systems, which is directly related
to the control of stator current.

Predictive control is one method widely used in PMSM
digital controller, just like model predictive control in [1]
[2] and adaptive predictive control in [3], which is to
predict the trend of motor states and give the optimum
control amounts with the sampling values at current time
so as to adjust the states accurately and in time. It is also
effective for stator current control with higher performance
of dynamic responding and tracking than the traditional
hysteresis control and the digital PI control. Numerous
studies have been done at home and abroad to pursue the
superiorities of predictive control for stator current. [4-7]
combine different predictive method to regulate the current
for PMSM. In [4], current ripple has been identified for
getting the rate of current changing; [5] has designed a
feed-forward controller with best tracking algorithm; a
robust predict control has been gained in [6] utilizing a
discrete current equation and introducing a weighting
factor; [7] expounds a current deadbeat control with
Luenberger observer. These researches emphasize the
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development of predictive method for current control, but
ignore the nature of current change. Moreover, the stator
current is decomposed in the rotating frame (d-q frame) of
rotor and the researches in [8] and [9] expect to control the
two components independently by decoupling calculation.
In [10], current PI control has only been developed by
increase an integral prediction action in parallel for the
current component of g-axis. It is complex for calculation
in the frame which cannot directly reflect the dynamic
change of the motor current vector.

This paper studies the motor current as the vector in
static frame (a-f frame), where the dynamic change of the
vector will be analyzed. The current vector predictive
control will also be derived on discrete time. In section 2,
the dynamic response of stator current vector about the
sampling / control time will be gained from the current
equation by Taylor series approximation. Section 3 will
give the predictive control through the dynamic change of
the current vector, and the SVPWM will also be newly
deduced by the current vector and the voltage vector in the
section. The simulations and experiments in section 4 will
test and verify the performance of the proposed method.

2. Current Vector Dynamic Response
and the Prediction

2.1 Dynamic response of current vector

Generally, the “voltage-current” equation of PMSM on
d-q frame is expressed as follow:

u, :R_S_+Ldp -oL, ||i, N 0 0
u, oL, R+Lpl|li, ]| |®oV,

Where R, represents the stator resistant, L,, L, the stator
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inductance on d and g-axis, u,, u, the d, g components of
stator voltage, i,, i, the d,q components of stator current, y;,
the rotor flux, w the electrical angular velocity and p the
differential operator.

The inductance L, and L, are equal for non-salient-pole
PMSMs, which are written as L,. Transform the equation
above form the rotation d-q frame to the static a-f frame,
of which the a-axis coincides with the normal direction of
the A-phase winder, then the state space expression on the
stator current components i,, i will be rewritten as follow:

dig| |_R
L, i, 1 {u,| ww,|—sin@
c{t _ I ) 4 ?)
dﬁ 0 — R |lig| Lg|ug L, | cos@
dt L,

where u,, u; are the a, f components of stator voltage, & the
electrical angle of rotor flux with respect to a-axis. Some
assumptions are made for solving the dynamic response of
stator current that the dynamic process is form ¢, and go
through a very short time ¢, in which the speed w can be
considered constant and the position of the rotor 8 = 6§, +
wt that 6, is the initial position. Here, the input voltage [u,,
uﬂ]T will also be considered as constants in the short time.
So the general solution of the state space expression will be
got as follow:

i(t,+t)=F )i (t,)+G(u(t,)+H(t,,1) 3)
where F(0)=¢ "L, G(t)=o-(1=¢ ),

oy, ( T ) coswt—e "
Y elg-Z-
R+’ 0Ty sin ot

s s

H(toat):

And =L, R, is the time constant of PMSM,

oL, . .
y=arctan R * is an acute angel, Tr(") represent a rotation

cos(*) —sin(~)} It

transformation written as matrix form | .
sin(-) cos()

calculate the change of current vector, we get:

Ai Zi (t,+1)—i (1))

=[F ()~ 1]i (1,)+G(t)u,(t,)+ H(t,,1) “4)
T Ai, A,

This formula consists of three independent terms, which
are the change of zero input response Aiy; voltage input
response Ai, and emf response Ai,, that are only
determined by initial current vector i(z,), control voltage
vector and electrical angular velocity @ respectively.

2.2 Simplification and current prediction

Discretize the equation above from continuous domain

with synchronous control/sampling cycle 7, that the
interval [#,, t,+f) can be mapped to the discrete cycle [kT,
(k + 1)T,). Within a cycle, all the terms are approximated
by Taylor Series expansion and rewritten as “Amplitude-
angle” form, we get:

. T,
|Ats_l.(k+1|k)|=7tx(k)| )
ZAL (k+1)k)=Z~i (k)

- T, |u,(k
|Al_w (k+1 | kj :7Tj (6)
ZAL (k+11k)=Zu, (k)
- y,oT (T
|Azm(k+l|k)|:R+7‘(l—2—‘Tj o
s 7

sw

ZAT (k+1|k):—%+6’k+%wTs

And the terminal value of the current vector of the cycle
can be expressed by these change terms and the initial
value:

i, (k+ 1l )=i, (k)+Ai (k)
=i (k)+AL, (k+11k)+ AL (k+1|k)+AL, (k+1]k)

su

®)

The dynamic change process depicted above is
graphically expressed in Fig. 1, which is also a prediction
of k+1 time from £ time.

Resulting from the truncation error of Taylor series, the
approximation errors of the current vector change terms are
shown as follow by relative distance d,.

2

AL -Ai T | T
d. :| siu siu l_A 14
riu |Al‘si’u 2 T +12 z_2 (9)
;?(U_AiYIU T2
=—|A REREY™ (0?7 —4) +1 (10

For the commonly used motor, the parameters meet
T/t < 107, oT, < 1, so the relative distance d,;,<5.09%,
d,., <4.17%, which can guarantee the calculation error in

Ubior, N
“[)’ ‘ >/ Lsy
Al 3 Ai (k)
AV INE
ig(k+1)
is(k)
LBk
T ) \ @
— ah
5 >

Fig. 1. Dynamic change of current vector
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an allowable range.

Moreover, the results above will be affected by the
uncertainty of motor parameters, for which these para-
meters, L,, R, as well as y;, can be identified by recursive
least square method with forgetting factor in [11].

3. Predicting Control for Current Vector

The typical current control timing sequence for discrete
control system of PMSM is shown in Fig. 2(a): use the
variables of £-1 time to deduce the control quantities which
will be given to the motor system at k time, and the control
result will be gained at the next sampling time (k+1). [12]
point out there is two-cycle delay for the current tracking at
least. However, current predictive control can shorten the
delay (the sequence is shown in Fig. 2(b)), which regulates
the current through the predictive value of & time by that of
k-1 time that the delay reduces to one cycle.

The control quantity for [k, k+1) should be gained in the
interval [k-1, k) and exported from k time. Substitute the
predictive current of k time into that of £+1 time according
to formula (8) and solve Afw (k+1|k) , the control voltage

uy(k) will be given:

u, (k)= R [ (k+1)=i (k=1)]
+25RSiS (k=1)—u, (k-1)-2u,,

(1)

T, = -
T s 3 3
where u,, =57k, Kl—?j AR, (ke =1)+Ai,, (k+1]k )} .

The u,, can be simplified when the speed is considered
constant in two adjacent cycles and expressed as
“amplitude-angle” form:

el
¢ (12)

\ 4

b1 | =7 U
I wpy | - [0
L= |

k-1 ll(
|
|

[
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\ 4

—= ="
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(b) Predicting control timing sequence

Fig. 2. Control timing sequence
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Fig. 3. Space voltage vector and the synthesis

SVPWM (space vector PWM)!BI4 is a modulation
method that transforms the given voltage vector u (k) to the
switch signal of inverter by matching the action time of the
six effective voltage vectors and two zero voltage vectors,
which shown in Fig. 3.

The traditional description of SVPWM is always
about the synthesis of stator flux, but the action for stator
current control is also a concern. in a control cycle,
assuming that the action time of two adjacent effective
voltage vectors U, and U, are t; and t, respectively
which meet ¢, + £, <T, and in the rest time the zero
voltage vector U, is export, the current change term Ai,
in formula (4) can be expressed as follow according to the
superposition principle:

Ai ,=Gt)U +G,)U +G(T, —t,-1,)U,

:RL(I—e”'/’)Ux +R%(1—e*’z”)vﬂ60 (13)

Simplify the formula as (6) and substitute the amplitude
2/3U,. of voltage vector into it, the uy(k) will be gained:

U,
u (k) :%Td((tlex +t2ex+60) (14)

where e, and e, ¢, represent the unit vector of U, and U,,¢.
This formula also reflects the interrelation between voltage
vector and current vector.

Then the predictive control quantity wuy(k) in (11) will
be deduced as the switching time of three-phase inverter
by (14), and the uy(k-1) also can use the calculated control
quantity in the last cycle. Moreover, if the given voltage
uy(k) goes beyond the dashed hexagon in Fig. 3 that ¢, + 1,
>T,, the action time will be reduced proportionally. The
actual action time is represented as:

T
;e h40>T,
12 =40+, (15)

t,, 4+5,<T

4. Validation of Simulations and Experiments
4.1 Conditions for validation

We will select an M205B PMSM of KOLLMONGEN as
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Table 1. Parameters of a PMSM

Parameters Value Parameters Value
Max phase voltage(V) 250 Rate power(kW) 1.6
Rate current(A) 5.3 Rate torque(N-m) 4.47
Max current(A) 17.2 Max torque(N-m) 13.8
Rate speed(r/min) 3600 Pole pairs 2
Inductance(mH) 38 Rotor Flux(Wb) 0.2445
Resistance (Q) 2.48

Fig. 4. 12 discrete current vectors

the motor for validation and its main parameters are listed
in Table 1.

Here the control method of PMSM does not adopt the
commonly used vector control but AC stepping control in
[15], of which the given current is of discrete sine wave
that the corresponding current vectors are discrete
distributed in a-p frame. In the simulation the given
current vectors are shown in Fig. 4 that the 12 uniformly
distributed vectors in a cycle of electrical angle are given
to current controller counterclockwise in turn.

The other conditions of the simulation include that
DC bus voltage is 311V, switching frequency of inverter
10 kHz, Synchronous sampling cycle 100us and the
magnitude of the current vector SA.

4.2 Simulation results of one step tracking

Fig. 5(a) shows the current dynamic change of A-phase
when given vector varies from i(2) to i(3), in which the
given current drawn in green jumped from 4.33A to 2.5A at
0.2001s and the actual current responded to this change at
the next cycle and stably tracked the given after 7 cycles

4.4

Current i/A

0.2 0. 201
Time #'s

(a) Current tracking of A-phase

(the blue line); the red points are the sampling points. Fig.
5 (b) shows the dynamic process of the endpoint of actual
current vector that varied from the initial position of 30° to
60° which is correspond to the given.

4.3 Simulation results of continuous running

The motor control strategy by discrete current vector has
been studied for PMSM in [16] and [17], which utilize the
angle difference between the discrete vector and the rotor
position to generate a reposition torque and drive the rotor
or implement positioning. The performance requirement of
stator current control is higher for this control strategy,
since the current vector is the key to the driving or
reposition torque. Currently, the studies above used the
method of DCC short for Direct Current Control in [18],
which controls the current from the PMSM model in a-f
frame, but omitting the effects of speed and the dynamic
responses from current vector view. The comparison
simulation of the proposed method and the DCC will be
done as follow, which will use the method of “constant
frequency control” that the switching frequency of current
vector is a constant written as f,,,;. Here, the synchronous
speed of the motor n and the fundamental frequency of the
stator current f; are determined by f;,,,, Which meet n =
2.5f;ons: for the PMSM with two pole pairs and f; = £,/ 12.

Given f,,,, = 1Hz, 12Hz and 100Hz, and the motor
speed n = 2.5r/min, 30r/min and 250r/min correspondingly.
The stator current waveforms of the two current control
methods are shown in Fig. 6, and the trajectories of the
current vector endpoint are in Fig. 7.

In Fig. 6, the top three figures (a), (b) and (c) show the
three-phase current waveforms of the proposed method,
and the bottom three (d), (e) and (f) of DCC method.
When f,,,;, = 1Hz, the operation of the PMSM is not
continuous but stepping. In each step, the rotor accelerated,
decelerated, and stopped with a little oscillation. The
simulation current waveforms are in (a) and (d) controlled
by the two method respectively, which are similar at this
low frequency. When f,,,, = 12Hz, the motor run
continuously in a low speed when driving an inertial load.
The current waveforms in (b) and (e) follow the given with
little difference, but there are some spikes at each current

(b) Current vector tracking

Fig. 5. Dynamic tracking of the current vector
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(f) feonse = 100Hz

Fig. 6. Comparison of three-phase current waveforms in different frequencies

(d) feonss = 1Hz

Fig. 7. Comparison of current vector endpoint trajectory in different frequencies

switching time in (e) of DCC

method, which were enlarged in the circle and compared
with the same part in (b). The last group (c) and (f) shows
the waveform of 100Hz switching frequency, in which the
same part of the waveforms were enlarged in the circle. In
(f), the current tracking error appeared and the oscillation
increased. Just like the part in the circle, the peak of the
blue line could not reach the given value 5A and the
tracking errors of the three phases are obvious at the value

1062 | J Electr Eng Technol.2015; 10(3): 1058-1065

(€) feonse = 12Hz

(f) feonse = 100Hz

of 2.5A. However, these phenomena do not exist in (c)
controlled by the proposed method.

Fig. 7 shows the control results from the view of vector,
which is corresponding to them in Fig. 6 respectively. (The
dashed reference circle is with radius of 5A) The figure
(a), (b) and (c) resulted by the proposed method show the
accurate tracking at the 12 discrete points and the smooth
transition. The results of DCC method in (d), (e) and (f)
are not so good to the former. When f,,,,, = 1Hz, the result
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Fig. 8. Comparison of experiment waveform in different frequencies

1A/div
(@) feonse = 1Hz

1Ay
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Fig. 9. Comparison of experiment current vector trajectory in different frequencies
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in (d) is similar as (a), but the ripple of the current vector
increases with the frequency in (e) and (f) and the
transition process are not smooth enough.

4.4 Experiment results

The PMSM for experiment has been introduced in the
previous section. The control system contains a DSP of
TMS320F2407 chip as the core and the peripheral circuit
of ADC, DAC and so on and the main part of power
amplifier is an intelligent power module (IPM) PM15
RSH120. The other given conditions are the same as the
simulation. The results of the control are observed by a
waveform recorder that the actual current is measured by
the clamp meter and the current vector is calculated in DSP
and exported through DAC.

In Fig. 8, the top three (a), (b) and (c) are the actual
current waveforms of A and B phase by the proposed
method and the bottom three (d), (e) and (f) are by DCC.
The oscillations of the current in the top three figures (less
than 0.4A at the peak) are smaller than the bottom three
(more than 1.6A at the peak). And when f,,,,, = 100Hz, the
current in (f) cannot track the given discrete sine waveform
but in (c) the waveforms are satisfactory.

Fig. 9 will reflect the performance of current vector by
the two methods. Drawing the reference circle that the
radius is SA, the tracking trajectory of the vector endpoint
will be obviously shown in the figure. The top three (a), (b)
and (c) are controlled by the proposed method that at the
discrete point the vector can track the given with a little
ripple. But the bottom three show the great tracking
oscillations that in (d) and (e) the oscillations areas away
from the discrete point are more than 8 times the size of the
former, and in (f), the actual current vector cannot track the
given point at all and the motor’s running is not stable.

5. Conclusion

This paper has deduced the dynamic change of the
stator current vector for PMSMs in a-f frame from the
mathematics model. The dynamic change consists of
three independent parts and can be simplify through
Taylor series expansion. The predictive control has been
put forward according to the dynamic change which is
targeting the current vector, at the same time the
interrelation of the current vector and the voltage vector in
SVPWM has been deduced to testify the action of the
space voltage vector and to improve the control method.
The proposed method develops the control accuracy with
the dynamic response of current vector and enhances the
response speed by the direct control of the magnetic field
targeting the current vector. Moreover, the method is easy
to accomplish in a-f frame avoiding the coordinate
transformation. At last, the performance of the proposed
method has been verified by simulation and experiment

1064 | J Electr Eng Technol.2015; 10(3): 1058-1065

compared with the DCC method.
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