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Absfrocl-This paper presents a high performance position 
controller for drives of permanent magnet synchronous motor 
(PMSM) using a TMS320FZ812 DSP chip. Due to the new 
generation DSP (Digital Signal Processor) has the 
characteristics of the fast computation (ISOMIPS) and the 
complete peripheral circuits far motor drive, therefore a fully 
digital controller of PMSM drives system, which includes 
current wetor control scheme, SVPWM generation, A/D 
conversion, coordinate transformation, QEP detection and an 
intelligent strategy, can he integrated and realized by software 
within B DSP chip. For increasing the performances of PMSM 
drives, an adaptive fuzzy controller constructed by fuzzy basis 
function and a parameter adjustable mechanism is proposed 
and applied in position control loop to cope with the system 
uncertainty and to increase a fast tracking response. To 
confirm the effectiveness of the proposed system, an 
experimental system included by a PMSM, DSP control board, 
inverters, rectifier have been set up and some experimental 
results have been validated the theoretical ones. 

1. INTRODUCTION 
Owing to the advantages of thc superior power density, 

high performance in motion control - fast positioning and 
better accuracy, permanent magnet synchronous motors 
(PMSM) have gradually used in many automation control 
fclds as an actuators [I] ,  such as computer-controlled 
machining tools, robotic systems and semiconductor 
manufacturing equipments. But in industrial applications, 
there are many uncertainties, such as system parameter 
uncertainty, external load disturbance, friction force, 
unmodeled uncertainty, always diminish the performance 
quality of the pre-design of the motor driving systcm. To 
cope with this problem, in recent years, many intelligent 
control techniques [ M I ,  such as fuzzy control, neural 
networks control, adaptive fuzzy control, etc., have been 
developed and applied to the precision position control of 
servo motor drives to obtain high operating performance. A 
high performance motor conlrol system should have a fast 
dynamic response in adjusting its control parameters so that 
the motor outputs affected by the disturbances can recover to 
their original status as soon as possible [5]. 
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With the rapid development in microprocessor, the high 
performance DSP chip becomes a popular research on 
digital control [6-71 for ac drives due to their high-speed 
performance, simple circuihy, on-chip peripherals of a 
micro-controller into a singlc chip solution. Especially the 
new generation DSP controller TMS320F28x [8] produced 
by Texas Instrument, which has the advantages of high 
speed (ISOMIPS) performance, up to 128Kx16 flash, 2 set 
(12 outputs) of PWM (Pulse Width Modulation) output, 2 
set (4 inputs) of QEP (Quadrature Encoder Pulse) input, 12 
channels 12-hit AID converter (20011s conversion time), 56 
hits GPIO, is very suitable to develop a fully digital 
controller and a complicated intelligent control algorithm in 
servo motor drives. Therefore, in this paper, a 
TMS320F2812 DSP embedded with the software of current 
vector control, SVPWM scheme and adaptive fuzzy control 
has been developed for a high performance position control 
for PMSM drives. With the excellent characteristics of the 
proposed system, it will makc drivcs of PMSM more 
programmable, robust and easy implementation. 

11. THEORETICAL ANALYSIS 

The architecture of the proposed intelligent control 
system for a PMSM is shown in Fig. 1 ,  wherc the current 
vector control and intelligent position control are all 
implemented within a TMS320F2812 DSP chip. 

A.  Current vector control 

The configuration of the current loop for a PMSM is 
shown in Fig.1, and it includes PI controller, Clarke, 
modified Clarke-', Park , Park-' coordinate transformation, 
SVPWM, current detection pulse signal detection of the 
encoder, etc. After using vector control (control i; to 0 in 
Fig.l), it will make the non-linear and coupling 
characteristics of PMSM become decouple. Thus, the torque 
magnitude control of PMSM is only need to control the 
current in the direction of q-axis. The transformations 
between stationary a-b-c frame, stationary a-p frame and 
synchronously rotating d-q frame [ l ]  are shown in Fig.2, 
where f; is a space vector refer to current, voltage or flux, 

and thosc transform equations are described as the following 
equations: 
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0 Clarke: stationary a-h-c frame to stationary a-D frame. 

0 Clarke-' : stationarv a-I3 frame to stationam a-b-c frame. 

0 Park : stationary a-b frame to rotating d-q frame. k]=[ cosSF sii""]["] 
-sinSF cosS, f, 

0 Park-' : rotating d-q frame to stationary a-P frame [;]-[""" - -sin~~][L,] 
sin Os cas$* 

Y B  

d -  y synchronously rotating axes 

Fig. 2. Transformation between sthtionvly axes and rotating axes 

In Fig. I ,  the PMSM will be dccoupled if control il = 0 ,  

thus we can control a PMSM as easy as to control a DC 
motor. Considering the load term, the electrical and 
mechanical equations of PMSM can be written as the 
follows: 

T = Kr ii (5) 

(6) 

where T, , K j  , Jm , B, and T, are motor toque, torque 
constant, inertial, damping ratio and load toque, 
respectively. 

J ,  -wp d + B p ,  = < -T, 
df 

B. Space Vector Pulse Width Modulafion (SVPWM) 
SVPWM is a special switching schemc of a 3-phase 

power converter with the six power transistors. The typical 
structure of 3-phase power convcrter is shown in Fig. 3. 
According to the ONIOFF switching of upper transistors in 
Fig. 3, there havc eight possible combinations. The eight 
vectors are called basic space vectors and they are denoted 
by Uo, U6o, U,,,, U,8o, UXO, Ujo0, 0 0 0 0  and OIII,  which are 
shown in Fig. 4. Using the Clarketransformation, the project 
values in a-p axis for six basic space vectors can be obtained 
and are also shown in Fig. 4. The SVPWM technique is 
applied to approximate thc reference voltage U,,,, and it 
combines of the switching panem with the basic space 
vcctors. Therefore, the motor-voltage vector U,, will be 
located at one of the six sectors (S3, S1, SS, 54, 56, S2) at 
any given time. Thus, for any PWM period, it can be 
approximated by the vector sum of two vector components 
lying on the two adjacent basic vectors, as the following: 

U = _  z TXO,orO,,,), (7) 
*", ;Ux++,+ T 

where ?,=T-r, -Ti and T is half of PWM carrierperiod. 

I I I I -  
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Fig. 4. Basic vector space and switching patremr 

I )  Culcxlution of TI and T,: Any output voltage can be 
projected into each adjacent basic vector in SVPWM 
strategy. For example, the output voltage vector U,,, in the 
sector S3 can he the combination of U. and U60 shown in 
Fig.4. Therefore, the calculation of T, and T, can be shown 
as, 

U --v,a 2 (8) 
0 - 3  

(9) I I -  
U --v,,a+-v,,p 

M - 3  Js 
I fwe substihlte (Xp(9) into (7), we obtain 

U =lU,"" - L ( - V  T 2  - T. V,, .. V, - 
- Dca)+;-(--u+--P)(lO) 

T 3  43 *", 

- - A V&?+ V # j  
and compare the coefficient in (IO), thus 

Sect&, 
CMPRl 
CMPR2 
CMPR3 

Ti =&-V, T (12) 
", 

In the similar way, thc T,  and T, in other sector can be 
derived and be rearranged in TABLE I, which Ty, T,and T, 
are renrcsented as the followines: Tu,. Tb,, Tc,, Tc,, Tb,, Tu,, 

Tb,, Tu,, Tu,, Tb,, Tc,. Tc,, 
Tc,, Tc,, Tb,. Tu,, Tu,. Tb,, 

~ 

If it is at the saturation condition TI + T2 > T, the T, and 
T, should hc modified as: 

. .  
2) Determination of the dury cycles and CMPRx: After 

the calculation of TI and T>, it has to rc-transfer it to the duty 
cycles and CMPx values in DSP controller to generate the 
PWM output signals for controlling the power transistor 
switching time in Fig. 3. First, the duty cycles are defined as 
Tu,,, Tb,,, Tc,, and calculated as the followings: 

Tu,,= (T-TI -T2)/2 = Td2 (18) 

Tc,.= Tb,.iT, (20) 
Tb,, = Tuo. +T, (19) 

Then, the CMPRI-CMPR3 values can be obtained in 
TABLE II depend on the sector number. For example in S3 
sector, its output waveforms PWMI-PWM3 are depicted in 
Fig. 5 with the duty time at U. (IOO), U6,, (110) and zero 
vector (0" and O,,I) be TI, T2, To, respectively. 

3) Determination of the sector: To determine the sector, 
we first modified the ciOrkp-l transformation as follows. 

then, the output waveforms of Vm, V,r, and V,r, for sinusoid 
wave inputs (y ,v , )  can he calculated. They can determine 

the sector according to the following rules: 
I f V # >  0 then a=l else a=O 
IfVrfi> 0 then h=l else b=O 
IfV+> 0 then c=l else c=0 
Sector = a+2b+4c. 

T,, T, and T, can be derived directly from V,, V ,  and Vns. 

TABLE I. T, AND T, IN ALL SPECIFIC SECTORS 

Is3 Is, Is5 Is4 IS6 Is2 
TI 1 -  T, I T, I TX 1- TX 1 -  Ty I Ty 
T2 I TX IT, 1-T,  IT, 1 - T ,  1-T, 
TABLE 1 1 .  ASSIGNING DUTY CYCLE TO CMPx IN ANY SECTOR 

[\ I s, I SI I Sr I SI I S b  I s2 1 

4) Compulalionproredures ofSVP WMdesign: SVPWM 
design is summary as following procedures. 
Step 1: Determination of the sector according to the rule 

shown in (22), where V,, V , ,  V,,j are the input 
signals of the SVPWM block circuit in Fig.1 

Step 2: Calculation of T, Ty and T,from (23). 
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Step 3: Determination of TI and T, from Table 1. If it is at the 
saturation condition, we can use (I 6) and (1 7) to 
modify the TI and T,. 

Step 4: Determination of the duty cycle Ta,,, Tb,, Tc,, from 

Step 5:  Assignment of the duty cycles to CMPRI, CMPRZ 
(18)-(20). 

and CMPR3 from TABLE 11. 

C. Aduplivefuzzy controller in position control loup 
The structure of an adaptive fuzzy controller for PMSM 

drives is depicted in the dotted line of Fig. I ,  which consists 
of the fuzzy controller, a reference model and an adjusting 
mechanism. In Fig.1, the tracking error and the error change 
e ,  Ae are defined as 

e (k )  = B ; ( k ) - B , ( k ) ,  (24) 

Ae(k) = e(k)  - e(k - I ) ,  (251 
and K,*e, &,*Ae and ups input and output variable of fuzzy 
controller, respectively. The design procedure of the fuzzy 
controller is as follows: 
0 Define the linguist value are { A , ,  A , . E )  with the 

symmetrical triangular membership function: 
i n  

where x, is input value, <,(.I is output value, qm and 
w ;  are mean value and width of the triangular function. 

0 Derive M fuzzy control rules from the dynamic response 
characteristics [4] as initial condition, such as, 
IF eisAF and AeisAT THEN U, isE",m=1,2,..,M (27) 

0 Construct the fuzzy system with u , ( x ~ @  from those M 

rules using the singleton fuzzifier, product-inference rule, 
and central average defuzziiier mcthod. Therefore, (27) is 
replaced with the following expression: 

(30) 

To derive the formulation of adjusting the parameters 
c j  , at first, we assume T, to be zero and take Laplace 

transformation with (5M6). and then 

The bilinear transformation is applied and the difference 
eauation of ac motor drive system can he derived as 

where z-' is a back-shift operator, and T is the sampling 
pcriod. In Fig. I ,  the current command, i;, and the output of 

fuzzy controller U ,  can be obtained by the following 

expression 
i~(k)=Kv(u,(k-l)+(~.+K,))u,(k)-Bn(k)+Op(k-l)) (33) 

From (32) and (33), we have 

(34) 
B,(k) = ( A + l -  Bk,)Op(k -I)-& BK,)Bp(k-2)  

+ Bk,,u,(k - 2 )  + Bk,, (K,  + K,)u,(k - 1) 

with A = ~ ~ ~ ( - B ~ T I J , ) . B = K , ( I - ~ / B , " .  
Furthermore, according to the chain rule, the partial 

differential equation of J ( k  + 1) in (30) can be rewritten as 

where a is learning rate. From (28) ,  (34), (35) and (30), the 
parameters ci of fuzzy controller in (28) can be adjusted at 

each control sampling interval by the following expression. 

= ar ign(B]K, , (Kp + K z l h e m ( k )  
Z P m  

Because the motor parameter B is not easy to know, the 
sign(B) is employed to calculate in (36) and it is always one 
due to B be positive. The sign(.) denoted the sign operator. 

wherc those c,, c 2  ,.., c , ~  are adjustable parameters 
The eradient descent method is adooted to derive the 111. EXPERIMENTALSYSTEM AND RESULTS 

I 

adaptive control law in Fig. The main purpose Of The overall system is depicted in Fig, I, 
adjusting the parameters of the fuzzy controller is to 
minimum the square errors (instantaneous cost function) 
between the rotor position and the output of the reference 
model. The instantaneous Cost function is defined as 
follows: 

and it includes a TMS320F2812 DSP Controller, a voltage 

are 2200w, 2000rpm, 4oOorpm and, I K ~ * ~  respectively, 

,GBT inverter and a PMSM, The power of the 
PMSM, rating speed, maximum speed and maximum torque 

The resistance and inductance of the PMSM are 0.630 and 
2.77mH. The torque magnitude of the brake is adjustable 1 1 

2 2 within 0.2-5N*m. An incremental optical encoder(2500 ppr) 
has bcen installed to PMSM as the rotor's position sensor. 
The invertcr has six ICBT type power transistors. The 

(29)  J(k+l)=-em,(k+l)' =-[0,(k+l)-Op(k+1)~ 

and the parameters of c, will be adjusted with, 
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collector-emitter voltage of the lGBT is rating 600V, the 
gate-emitter voltage is rating +20V, and the collector current 
in DC is rating 25A. input signals of the inverter are PWM 
signals from DSP chip. In Fig.1, the current vector control 
scheme, SVPWM generation, AID conversion, coordinate 
transformation, QEP detection and intelligent position 
control strategy are all realized with the software in this DSP 
chip. The PWM switching frequency of inverter is designed 
with 16k Hz, dead-hand is 1 ps, and the control sampling 
frequency of current and position loop arc SkHz and 2kHz, 
respectively. The flow chart of main program and the 
interrupt service routine for digital motor control algorithm 
are designed and shown in Fig. 7. Those programs are coded 
with C language, the computation time of DSP for executing 
current loop is 3.6ps and executing adaptive fuzzy control 
algorithm ofposition loop is 16 ps. 

To verify the correchless of SVPWM circuit in Fig. I ,  
an experimental block diagram is constructed in Fig. 7, 
where the input signal is a constant voltage with phase 
variations from 0 to 360 degree. The input signal through the 
transformation of Park-’, modified Clarke-’ and SVPWM 
computation, then the output waveforms PWM I-PWM6 are 
generated. Those PWMI-PWM6 are serially conncctcd to a 
RC circuit with l o a  resistor and 47pf capacitor, 
respectively. The load torque of brake is set to 2N*m. As a 
result, the waveforms of PWMI, PWM3 and PWMS are 
measured and shown in Fig. 8. The output waveform and the 
phase difference for any two PWM waveforms is 120°, thus 
they havc proven the correctness of SVPWM design. 
Furthermore, to validate the effectiveness of the current 
vector control in Fig. 1, we set the input current command as 
( ~ ; , ~ ; ) = ( o A , J ~ A ) ,  the currents of i,, , i ,  and corresponding 
to current in n-b-c axes are meawred and shown in Fig. 9. 
The results have shown the measured current tracks current 
command very well. Above results validate the success of 
vector control, and it will make the PMSM decouple. 

In experiment, an adaptivc fuzzy controller in Fig. 1 is 
applied in position control loop to test the dynamic 
performance of PMSM. Thc fuzzy controller in this paper 
adopts the singleton fuzzifier, triangular memhcrship 
function, product-inference rule, central average defuzzifier 
method. The parameter adjusting mechanism is based on 
gradient descent method. The transfer function of the 
reference model is chosen by a standard second-order 
system with the natural frequency of 40 raUs and the 
damping ratio of 1, The paramcters of L, Kdc, Ki, Kp and 
Kv in Fig. 1 are chosen as 1, 1,0.0046,0.4,0.7, respectively. 
For testing the learning effect and choosing an adequate 
learning rate a of the proposed controller, a square wave 
position command with amplitude of 0.24 E and 0.64 E 
radian and the load with 0.2 N*m is applied and thus thc 
tracking results bctween the output of referencc model and 
the measured rotor position of PMSM under different 
learning rate of 0.05 and 0.15 are shown in Fig. 10. At 
initial, the rotor position of PMSM tracks the output of 
reference modcl with oscillation, meanwhile the parameters 

of  fuzzy controller continuous tuning toward reducing the 
error between the output of the reference model and the rotor 
position at each sampling interval. After one square period 
command, the parameters of fuzzy controller are almost 
tuned to the adequate value and the dynamic response of the 
rotor position can match the output of the reference modcl 
very well. It has also presented that when a is chosen as 0.05 
in Fig. 10(a), thc learning is slow, but when a is 0.15 in Fig. 
lO(h), the position of the rotor can fast learns and tracks the 
output dynamic of the reference. Furthermore, to 
demonstrate the performance of the frequency response for 
the proposed controller architecture, thc sinusoid tested 
signals for input commands are designed with amplitude of 
0-1.6 E radians hut different frequency with 1Hz and 3Hz, 
respectively. To reduce the phase-lag effect while sinusoid 
tracking, the bandwidth of the reference model in Fig.1 is 
chosen by 1/10 times than those in the experiment ofthe step 
response. Under this condition, the experimental results for 
the rotor position of PMSM tracks two tested signals are 
shown in Fig. 1 l(a) - Fig. 12(a), and the tracking errors are 
also plotted in Fig. I l (b)  and Fig. 12(h). Figs. 11-12 all 
reveals that they have good position tracking and those 
results also show that the position tracking error in high 
frequency (3Hz) are larger than in low frequency (1Hz). 
Therefore, From Figs. 10-12, it demonstrates that the use of 
a TMS320F2812 DSP chip to construct a vector control and 
an adaptive furzy controller for PMSM drives in position 
loop is effectiveness, high performance and robustness. 

-----.I 
R g  7 The crprrimental block diagram far SVPWM output 
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Fig. 8. The experimental wavcformr of SVPWM output 
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Fig. 10. StcprcsponseVackingren~llsberweentheoutpulofrcference 
model and the actual rotor position for different learning rate 
(a) a=n.05 @) ==n.15 

IV. CONCLUSION 

A high performance position controller for PMSM drives 
using a new generation TMS320F2812 DSP chip has been 
presented in this paper. In ordcr to reach the high 
performance goals, those key techniques, such as the current 
vector controller, the SVPWM scheme and the adaptive 
fuzzy controller of thc PMSM drives are all implemented in 

this DSP chip. Emulation rcsult shows that even in the 
complicated operation of the proposed control algorithm, it 
only spends about 20ps computation time of DSP for 
executing an overall control loop. Experimental results also 
demonstrate that in step command response and frequency 
command response, the rotor position of PMSM can fast 
track the prescribed dynamic response wcll. 
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