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Abstract:

In this paper, we propose a new discrete-time predictive current controller for a PMSM(Permanent Magnet

Synchronous Motor). The main objectives of the current controllers are to ensure that the measured stator currents tract the
command values accurately and to shorten the transient interval as much as possible, in order to obtain high-performance of ac
drive system. The conventional predictive current controller is hard to implement in full digital current controller since a finite
calculation time causes a delay between the current sensing time and the time that it takes to apply the voltage to motor. A new
control strategy in this paper is seen the scheme that gets the fast adaptation of transient current change, the fast transient response
tracking. Moreover, the validity of the proposed method is demonstrated by numerical simulations and the simulation results will
present the improvements of predictive controller and accuracy of the current controller.
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1. INTRODUCTION

The main objectives of the current controller are to ensure
that the measured stator currents track the required
values accurately and to shorten the transient interval as much
as possible. Until the present, various current controllers are
proposed. Like the following those, generally, we classify into
the four main type of current control schemes [1][2].

(1)  Hysteresis Control: The hysteresis current control
method has advantages such as a fast transient
response and simple circuits in implementation. But it
shows  high and non-constant switching
frequency inthe inverter. By the result, it generates
the harmonics and reduces the length of circuit.

Ramp Comparison Control: The Ramp Comparison
Current Control method has the advantages of limiting
the maximum inverter switching frequency and
producing well-defined harmonics. Even though the
controller has optimized gains, there are magnitude
and phase delay errors in steady state since the control
method has low pass filter characteristics.
Synchronous Frame Proportional Integer Control: In
addition to the rotor synchronous frame PI control,
compensation of the back EMF and cross-coupling
terms gives fast transient response and zero
steady-state error irrespective of operating conditions.
Predictive Control: In the predictive control scheme,
the switching duties of the inverter switches are
determined by calculating the required voltages
forcing the motor phase currents to follow
corresponding references. If the motor and inverter
parameters are well known, the predictive controller
shows the fast transient response and no steady state
error. But Ifwe do not know those, the predictive
current controller is not implemented well.

With the development of microprocessor technology, most
current control schemes can be implemented in full digital
systems.

The purpose of this paper is to present a new predictive
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current control scheme based on a discretized model of the
PMSM. In both transient and steady states, the proposed
controller performs better than the conventional predictive
controller does in a full digital control system. In the
implementation of the controller, the effect of rotor position
difference, voltage limitation are discussed and compensated.
The simulation results are also presented to prove the
feasibility and effectiveness of the proposed predictive current
controller using a prototype 2.2 Kw PMSM servo drive
system.

2. SYSTEM DESCRIPTION

2.1 Permanent Magnet Synchronous Motor

!

The equivalent circuit of PMSM shows in Fig. 1.
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Fig. 1 The equivalent circuit of PMSM

In the Fig. 1, the motor losses (copper, core, and
mechanical), magnet saturation, air gap space harmonics and
harmonic components of voltage and current are neglected in
order to simplify the analysis.

In order to simulate, the voltage equation of PMSM in the
synchronous reference can be expressed as follows:

Vas = Rgigs + pAgs — (drﬂqs 1

Vqs = Rsiqs + p/lqs + wrﬁds (2)
with

a)e = I’ZPW,,

Ags =Ly + Ly )i
ﬂ’ds = (Lv + Lmd)ids + Py

where
Lyl gs - d-quaxis current ;
Vas,Vgs + d-qaxis voltage ;
@, flux linkage due to permanent magnet per phase ;

R, : resistance of primary ;

Ly : self-inductance of primary ;

Lygs> Lpg: d-q axis component of magnetizing
inductance ;

p: d/dt;

@, : electrical angular velocity ;

7: pole pitch ;
v: velocity ;

If the voltage equation is arranged, the equation can be
expressed as follows [4].

. d . .

Vds :Rslds +Lq Elds —quqswe (3)
. d .

Vqs = Rslqs +Ly Elqs +que +épy “4)

From the above voltage equation, the discrete-model
voltage equation of a PM Synchronous Motor is described as
follows.

L
Vo =Ryi (k)+— (i (k+1)—i, (k
qs K qs( ) TS (qs( ) qs( )) (5)
+ Lol 45 (k) + Ppyr o,
. Ly . .
Vas = Rsigg (k)+T_s(lds (k+1)—ig (k) ©
—L,iy (K)o,
where
T, : sampling time ;

This equation is the discrete-model voltage equation of
conventional predictive current controller

2.2 System of the motor drive
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The component of the full digital servo drive system is
presented as Fig. 2. The system is consisted of the three parts.
The first is Speed controller. The second is current controller.
The third is inverter.

220V, 60Hz

Inverter

Fig. 1 Full System of the driver for PMSM

2.3 Space Vector PWM

The voltage space vector corresponding to eight switching
states of the inverter are shown in Fig. 2. The section of the
voltage space vector is divided into six sections. And the
magnitude of each voltage vector that corresponds to six
active states is 2/3 Vdc, and these vectors form a hexagon.
And the voltage vectors u, and u; that correspond to
freewheeling states are zero voltage vectors.

The Relation between voltage space vector and voltage
commands in dqg-axes is shown in Fig. 3. The V. is the dc

link voltage, and the V is the magnitude of the space V.

The ¥V, of voltage commands is calculated from the V; LV, q* ,

and 6, .

Im

VD, 1,0 W2(1.1.0)

............ Y
Ao, 0,0 N
varo. 1. 10 Vit 1L 1) /oo
5, T : ’
I"irlx'-x I_,—'§'|,|r| V7
Vs, 0,17 VL 0. 1)

Fig. 2 Switching Voltage vectors of the three-phase inverter

In order to perform the SV-PWM(Space Vector Pulse
Width Modulation), we need the following sequence. Here, we
will discuss the I Section.

In the first time, we must select where the command
voltage is existed. If the command voltage is putted in the
I section, it is that satisfy as followings or if it don’t satisfy
the followings, command voltage is in the other section. And
it must find a satisfactory section, immediately.

s

Vg >0 and V3 V;s

Vg >0 (7)
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Next time, the decision of switching time is as follows:

V31, B

1

Tl= A 7 /9 8
Vdc (2 as ) ﬁ’s) ()
NEY

T2=—-"(Vg) ©)
Vdc

T3=T, —(T1+T2) (10)

And, the switching function of the I section is described as
Table 1. The symmetrical switching function has various
advantages. Especially, in the inverter, the scheme of PWM is
important elements of PMSM, because the scheme affects the
inverter deeply.

Various PWM schemes have been proposed. But the
SP-PWM is known as a good scheme for a response of
transient current controller. This has advantages of much
scopes of linear control, the disturbance of low harmonics, and
the response of rapid transient.

Table 1 The switching function of section I

o On mode Off mode
Sectionsl:lvlﬁzgg;g L n L
2 2
_ T, 1 0 0 | B
SecItlon T, 1 ) 1 )
T, 111 1 0

2.4 Timing Sequence of the current Control

Fig. 2 shows the timing sequence of the current controller.

The kth interrupt signal generated by the PWM generator
starts the control process, as shown in Fig. 2(a). Synchronized
with this interrupt signal, the AD converter samples the
required values such as phase currents, dc link voltage, and
rotor position to calculate the output voltages at the same time
The gray section show in Fig. 2(b) represents the duration of
the calculation time for the current control. The output value
of the current controller is uploaded into the PWM generator
using the signal, as shown in Fig. 2(c). During the (k+1)th
period of the current control process, the phase voltages
calculated in the previous period are applied to the motor
through the inverter, as shown in Fig. 2(d). The resultant phase
currents are sensed, using the (k+2)th interrupt signal, as
shown in Fig. 2(e).

From the starting time of the current control to the sensing
time of the resultant phase currents, there are not one, but two
sampling period delays.
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Fig. 3 Timing Sequence of current controller
2.5 The Conventional Predictive Current Controller

In a conventional predictive current controller, the control
voltages which produce the required stator currents can be
calculated using (3) and (4) as

i (k+1) =i (k)

Vo) =R, (k)+L, - (10)
+w. L,i, (k)+w. A, "

Vi(k)y=R,i,(k)+L, M 1
-w,L,i, (k) S

where i; (k+1) and i;, (k+1) are the reference current

values at the (k+1)th sampling time. The conventional

predictive current controller is a kind of high gain controller if
the rotor speed and the back EMF terms are known and
compensated properly.

Fig. 4 shows the simulation results for the current dynamics
of the conventional predictive current control implemented in
the full digital system. The current command is changed at the
peak of the phase current when the rotor speed is about 1500
rpm. Since one more period is needed for the control
calculation in the system than is expected, a large overshoot
and oscillation have been observed when the current command
in the -axis is changed from -1 A to 1 A.
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Fig. 4 wave of conventional Predictive Current Control

2.6 Proposed Predictive Current Controller

2.6.1 The Proposed Current Controller



ICCAS2005

June 2-5, KINTEX, Gyeonggi-Do, Korea

This paper proposed the novel predictive current control in
order to solve that the conventional predictive current control
method generate the overshoot and oscillation. If we adjust the
equation (10) and (11) of the voltage equation of the
conventional predictive current control for PMSM, the
adjusted voltage equation can be expressed as

V, (k)= Ai,, (k) + Bi,, (k + )L, o, (k)i (k)
+ Apy @, (k)
V. (k)= Ai, (k)+ Bi

(12)

(k+1)~ L, (k)i (k) (13)

ds
Where, 4=R —-L /T, B=L,/T,

During the (k+1)th period, as shown in Fig. 2(d), the PMSM
was operated by the control voltage V(k+1) which is
calculated during the (k)th period.

V(k+1)=4i, (k+1)+Bi,(k+2)

+ Lo (k+Di,(k+1)+ 4,0, (k+1)

Vi (k+1)=Ai, (k+1)+ Bl (k+2)
—L,o,(k+1)i,(k+1)

(14)

(15)

For the regulation of the current, i (k+2) and ; L (k+2)

can be considered as the desired current. And, in the equation
(14) and (15), terms, which is from third term to last term, is
values which generated by real PMSM.

therefore, during the (k+1)th period, the control output voltage
Vd*q (k+1), which is applied in the PMSM, can be expressed

as.

Vo (k+1)=Ai, (k+1)+Bi, (k+2) (16)
+ Lo, (k+1)i, (k+1)+ Ay, 0,(k+1)

V(k+1)= Ai, (k+1)+ Bi, (k+2)
—L,o,(k+1i, (k+1)

(17)

Here, ,‘;q (k+2) and Vd*q (k+2) is the reference current and

voltage of the sampling moment. From equation (16) and (17),
the method, which can solve the iy, (k+1)5 and i;] (k+2)»

w,(k+1) is from 4.2 to 4.4

4.2 Compensation of the difference speed and position

The Compensation of the difference speed and position is a
half of difference between kthy and (k+1)th of the speed and
position. The difference of the speed and position is very small
because as the very small time of the sampling time.

And, the compensate value is optimal value by simulation
Therefor, the compensation of the difference speed and
position can be expressed as

4.3 The value of the ;dq (k+1)

The moment, which come out from the speed controller, is fast
as one step than the moment which is generated from PMSM
Therefore, V,; (k—1) and [7qs (k) is same. Here, [7% (k) is

the g-axis voltage estimated in the kth.

Table 2. Compensation of the difference speed and

position
Kth -(k-1)th <0 Kth — (k-1)th > 0
Wep | 2O =w, (k=D | w, (k) —w, (k1)
2 2
0., | _00-0(-D | 6,®-0,(k-D
2 2

The value of the V,; (k—1) and I7q (k) can be expressed as
equation (18) and (19), from the voltage equation of PMSM

V. (k=1)=Ai, (k-1)+Bi, (k) (18)
+L,0, (k)i (k) +Apy 0, (k)
V g (k) = Ai, (k) + Bi, (k+1) (19)

+ L0, (k)i, (k)+ 4,0, (k)

If we subtract the equation (18) from equation (19), we can
know the difference voltage value of the moment of kth

VoG =1)=V (k) = A{il, (k=1)—i,, (k) } )
+B{i (k)—i, (k+1) |

We can consider as V;_ (k=1)— I7q ()=0 in order to know
i(:.v (k+1) which make the difference voltage as '0' in equation

(20), If we adjust this, this can be expressed as.
Tk+1)= %{i; (k-D)—i (O)f+i (k) @D
We can solve the l:.y (k+1) as the course of the qu (k+1)-
T(k+1)= %{i; (k-D)—i (O)f+i () (22

Here, l:s (k+1) and le (k +1) s the current value of (k+1)th

moment

4.4 The value of the j, (k +2)

The values of the i(:.v (k+1) and i; (k+1) can obtain using

the increment matrix C . The increment matrix C is
expressed as equation (23)

co {cos.(w(k)Tx) sin(a)(k)Ts)} 23)
—sin(w(k)T;) cos(w(k)T;)

Here, we must apply the w (k+1)because of obtaining the

reference current of (k+1)th moment
If we arrange using this, the reference current i;q (k+1) of the

(k+1)th moment can be expressed as
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l'; (k+1) =cos((w, (k) + - )Tsi)i;v(k)

24)
+sin((@, (k) + @, )T, )iy, (k)
i:'x (k + 1) = _Sin((a)s (k) + a)comp )T;z)l;s (k) (25)

+cos((@, (k) + @, )T, )iy, (k)

4.5 Voltage limitation
After the voltage command Vd’; (k+1) is calculated in (16)

and (17), there is a question as to whether the magnitude of the
corresponding voltage space vector is beyond the actual
voltage limitation or not. If this magnitude is greater than the
maximum available inverter output voltage, the control
voltages should be adjusted. Otherwise the correct voltage
command for the next period cannot be obtained since the
applied voltage is different from the calculated one. The
adjusted voltages Vd:*(k.;_l) can be obtained from the

command voltages Vd; (k+1) as

4
o k) = * k de (26)
v, (k)=v, (k) NIz

V) = v () e @7)

V37,
Here’ Vs = \ Vq*v + Vd){;

Table 3. Rating and Parameters of the PMSM

ITems Value
Rated Power 2.2 Kw
Rated Speed 2000rpm

R, 0.1246 €2
L, 1.3441 mH
Pole pair 4

5. Simulation

The performance of the proposed current scheme has been
analyzed by simulation using the actual parameters of 2.2Kw
PMSM drive with the assumptions as follows: no saturation in
flux linkage, sinusoidal EMF's, and constant speed during a
sampling period. The Visual C++ language program is used
in the simulation. The dc link voltage, which is assumed to be
ideal, equal 220V. The ratings and parameter values of the
PMSM are listed in the Table 3. In the simulation, the inverter
switches are considered as ideal, I.e., zero conduction voltage
drop and zero commutation time. The sampling period is
150 ys . The dynamic performance of the proposed current
controller has been studied by considering the whole system.

In the Fig. 5(a), the d-axis reference current i:, is '0" and the
g-axis reference current change from 3A to -3A at the moment
of 0.3 second. In the Fig. 5(b), the d-axis reference current j;

is '0" and the g-axis reference current change from -3A to 3A
at the moment of 0.3 second. And, in Fig 5(c) and Fig. 5(d),
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the g-axis reference current change from 30A to -30A at the
moment of 0.3 second. When the reference speed change
1000rpm at Osec, and -1500rpm at 0.2sec, 1500rpm at 0.4sec,
-1000rpm at 0.6sec, 1000rpm at 0.8sec, Fig. 6 is the measured
speed track the reference speed

(S CES] [FE] FEF] FET] o]

a B
o} - e fl Fopes
* i i
nlzs 0.z8 nI: - e GI!-'! |:|In| ]
(d

Fig. 5 Current response of the proposed current control
1: g-axis current command, 2: g-axis current response
3: a-phase current command, 4: a-phase current response
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Fig. 6 response of the whole system with fast speed chang
1: speed command, 2: speed response,
3: a-phase current command, 4: a-phase current response

6. Conclusion

This paper presents a novel predictive current control method
for a PMSM that considers the finite calculation delay of
control devices. the conventional predictive current controller
is hard to implement in the full digital current controller since
a finite calculation time causes a delay between the current
sensing time and the time it takes to apply the voltage to the
motor. By modifying a conventional predictive current
controller that considers the calculation delay, there is a large
improvement in the current control performance in the both
transient and steady states.
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