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Abstract— In this paper a speed sensorless Direct Torque and

Flux Control (DTFC) method based on space vector modulation 1. MATHEMATICAL MODEL OF THEPMSM

(SYM) and extended Kalman Filter (EKF) is proposed. This . . .

method is based on the PMSM models in the coordinate of stator The F,)MSM stator field of is obtained from the foliag

flux linkage, flux and torque are controlled through stator voltage ~ €duation: B

components in stator flux linkage coordinate axes and space V.=R.I.+ ads (1)
vector modulation is used to control inverters. Smulation results s 5750 at

verify that this proposed sensorless DTFC scheme could VW€ obtain e ~

eff_ectiv_ely decrease flux and torque ripples, and the speed B = Bgo + fo (Vs — R, ]S) dt )
estimation method could accurately track the motor speed and  The yoltage drop due to the stator resistance oan b

has good dynamic and static performance. neglected (for high speeds) we find then:

= P
Index Terms —Permanent magnet synchronous motor, direct Ds =~ Pso + fo Vs dt (3)
torque control, space vector pulse width modulation, Kalamn  For one sampling period, the voltage vector appitethe
filter. PMSM remains constant, we can write then:
QS(K + 1) ~ QSO(K) + VsTe (4)
l. INTRODUCTION Where still-
The first and most popular vector control (VC) nueth Aas ~ VT, (5)

was field oriented control (FOC) [1]. This vectasntrol  \With:

technique is one of the most important closed loopg,(k): the field stator vector of the current sampling
techniques for AC machines in variable speed apiitins.  «¢ (K + 1) the field stator vector of following sampling
Using this control technique, the torque and flande <A@, The variation of the stator field vector
decoupled so each can be controlled separatelsedent 0.(K+ 1) - 0,(K));

years mid 80’s a direct torque control (DTC) hasdme *T.: The sampling period

introduced in Japan by Takahashi (1984) and also i8tator applied voltage vector of the MSAP [12-18}ure

Germany by Depenbrock (1985)[2] [3]. The main featu 1 shows the evolution of the stator field vectotha(a, 8)
of DTC is the high performance achieved with a $&np plan.

structure and control diagram. But it presentsadlem of B
field linkage and torque ripple. In order to soltas ‘Torque
problem the conventional DTC is combined with space component
vector pulse width modulation (SVPWM). This control
theory has achieved great success in the contieM8M.
That has becoming a hotspot for resolving... Bogthods,
DTC, achieve decoupled control of torque and flad &
was first implemented in the control of inductiorotor
drives [4][5][6].. It was recently also applied thfferent
machines such as PMSM drives and Brushless DC motor
[7-11].

In this paper, a DTC design for PMSM speed coritrol Fig.1 Stator field vector evolution in thet3) plan
proposed. The EKF is adopted to estimate the spedd The electromagnetic torque is proportional to tleetor
the torque_ That is robust to the parameter uniogiga and product between the vectors of stator field andrrane
load torque disturbance. The rest of this paperganized according to the follow expression [7]:
as follows. Section 2 reviews the PMSM modeling:tise T, = k(Bs + @) = - || 87| sins (6)
3 shows the principle of the DTC and SVM-DTC. Sewmti  gych as: !

4 resumes the EKF theory. Section 5gives some affonl .5 The stator field vector

results. Finally, the conclusion is drawn in secto *@ ; The rotor field vector brought back to the stator;
*§ The angle between the stator field vectors arf imbe.

@(k+1)

[
>



1. DTC AND DTC- SVPWM DEVELOPMEN?

The basic concept of DTC is to control directly tbahe

stator flux and electromagnetic torque of nine

simultaneously by the selection of optimum inve

switching modes. The use of a switching table foltage

vector selection provides fast torque response,itwerter

switching frequency and low harmorlosses without the
complex field orientatioy restricting the flux and torqt

errors within respective flux and torque hysterdssds

with the optimum selection being m{14]. The DTC
controller consists of two hysteresis comparattux(find

torque) to select the switching voltage vector ider to

maintain flux and torgel between upper and lower limit

show in figure 2.
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Fig.2 block diagramm of DTC for PMS
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The six different directions ofs noted a V;

i the combination of switches status of the inveeaes
given shown in figure 3 re@psents the choice of this vec
selection.
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Fig. 3 Inverteroutput voltage vecto

The develop torque control of inverter IPMSM is carried
out by hysteresis control of magnitude stator flamxd

torque that selects one of the voltage ve. The selection
is made in order to maintain torque and flux einside the

hysteresis band in which the errors are indicateAT, and

A@ respectively.

AT.: Torque error given b¥ee - Te

A@ Field error given by - @

Than we can write the different rules fa@ and AT,

if AD > &g =>C =1
ifAD> g5 & “2>0 (=0 @)
ifAD> g5 &L2<0 =( =1
if AD > &g =>C =0

if AT, > &r
if 0<AT, < er & “ole>o
ifO<AT, < & &
if AT, < —&r

if —er <AT, <0 & “le>o
if —er <AT,<¢er &

d AT,
ac <0

d AT,
it >0

=>Cr=1

=>Cr=0
=>Cr=1
=>Cr=-1 (®)
=>Cr=0
=>Cr=-1

One selected switches state allowing determining

inverter operation sequences by using the til, while

basing on the field and torque errors, iaccording to the
field vector position, it possible to determine ttigision

of the complex plan in six angular sectors. Fohesectol
given, the ordering sequence of the inverter swic
which corresponds to the different statesATand A@

accordig to the logic of the behavior of field and !
torque with respect to the application of a statoltage
vector [6][8].

Table |
Increase decrease
D | Viey, Vi and Viyy | Vip,Visp and Viys
Te Vieq and Viio Vi_q and V;_,

While basing on the generalized table 1, one camwdip
the table Il of the sequencbslow summarizing the vec
PWM, proposed by Takahashi, to control stator fietal
the torque of the PMSM.

Tablell

N 1 2 3 4 5 6
- CT = 1 V2 V3 V4 V5 Vs V1
I CT =0 V7 Vo V7 VO V7 VO
S [Cr=a1 [ Ve [ Vi [ Vo] Vs | ValVs
o CT =1 V3 V4 V5 Ve V1 V2
I Cr =0 Vo | V2| Vo | V7| Vo | Vy
S [Cr=1 [ Vs [ Ve [ Vi]| Vo] V5| Vs

For such high power industrial applications, iftie DTC
the hysterdés bands of the controllers become relati
wide, with the low inverter switching frequency,et
resulting motor torque pulsations become high upar
undesired level. To overcome the above problemsie:
researchers have suggested, the DTC scheme the
space vector modulation (SVMechniques [16-17]. In [5]
and [18] control method has been discussed that al
constant switching frequency operation and uses Rl
controller in order to generate the inverter rafesevoltage
in the PMSM stator €lx reference frame. In this conti
scheme, a Pl speed controller is also used to psothe
torque reference signal
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Fig.4 Angle and voltage vectorss determination
3 : Angle of the vectoV; in the(a,B) plan
6,: Field position
oIf the field error is negative, one defines an andq
between the vectdr, and the vectog equal to 21/3. So
the angle is given as:d = 6, + 6,



«If the field error is positivéy between the vectdr, and
the vector@s equal to n/3. So the anglé is given as:

6= 6,+ 6,
The table 11l resume the different choicedof
Table Il
Field 0 1
Torque -1 0 1 -1 0 1
Angled | 6-G | -7 |8+ | 6-6 | & 8+d

IV. EXTENDEDKALMAN FILTER

Now the extended Kalman filter observer will be léggpto
estimate the rotor speed which is feedback coetidily PI
regulator. The EKF observer is based on the erfdh®
stator currents generated from their measured a
estimated values which must be converged towaral zer
defined design.

The EKF has been described in many papers and
summarized in this section [19][20].

State equations for PMSM can be written as (31).
x=g(x,u)+w
y=CX+V

Here x=[1, 1,

1 000
C= :
{0 10 o} y

w andv are random disturbances. In facts the process
noise which stands for the errors of the paramgtessthe

time (k+1) from the inputu (k), state vector at previous
sampling timexy :

X = X T X T,

The notatiorxklk means that it is a predicted value at the
(k+1)th instant, and it is based on measurements Wgtho
instant. In the following step of the recursive EKF
computation, covariance matrix of prediction is ganed.

R<+1|k = Fkk'Pkk'Fka +Qk

In the second stage which is the filtering stade, next
estimated states are obtained from the predicted

k +1"
estimatesx, ,, by adding a correction term (y -y) to the

edicted value. This correction term is a weighted
fference between the actual output vecfgr and the

predicted output vectofy ) , whereK is the Kalman gain.

Next step is the computation of the Kalman filteairg
matrix as:

-1
Kk = Pk+l|kCT'(C'Pk+1kCT + R()
The predicted state-vector is added to the innowatrm
multiplied by Kalman gain to compute state-estiomti

vector. The state-vector estimation (filtering)tiate (k) is
determined as:

§(k+1|k+1 = §(k+1|< + Kk+ 1( yk+ Ic'f(k+ 1{)
Where yk+1 = C'Xk+1l,<

Here we define the estimation covariance compuiadis:

measurement noise which stands for the errors @ .tth+1|k+1:[| ~ K. :C] Py
measurement and sample. The noise covariance E®trixThis observer can be constituted from the PMSM rhode

are defined as follows:
Q=covw)=E {WWT}
R=co\v)= E{WT}

Kalman filter can be built by this follow derivatio
Rl
Ny

L
1, (k) +| Lo - Rl w1, (T,
Ld Ld Ld

U RI
x(k+1)=f = Iq(k)+(—“‘——“—a}ild—wﬁJTe
Lq q L!l L!l
a(k)
a(k) + wT,
Define matrixF and H as:
M T L L u, |
1-— To— T —I T —
T, L, L L,
T u
:i: Tw— 1-— 7T _i| & T—
ax L T Lo L,
0 0 1 0
| o 0 T 1
i 100 0
h= _d H :@:
iy . ox |0 1 0 O
r =La ; =L are stator constants.
¢ R"Y R

Extended Kalman filter can be realized by iteratias
follows:

After deciding how to initialize the covariance megs,
the next step is prediction of the state vectosaahpling

The choice of the initial values for the matriée€Q andR
is very important for the EKF. Generalllgo determines
the initial transient characteristics of the fijtbut has little
influence on the initial tuning procedure of the EKSince
the algorithm does not require initial rotor pamsiti
information and the motor is assumed to start fribw
standstill, the initial state vectog is considered to be a
null vector. Based on the discussion given by @fér the
trial-and-error procedure, initial values for theates and
matricesP, Q andR were selected as follow:

i,] [o 01 0 0 0
. |l ]o]. . |0 01 0 o
Xoro = - ' Poro_

w 0 0 0 100 O

g 0 0 0 0 10

100 O 0 0
0= 0 100 0 0 ;R:[lj

0 0 1000 0

0 0 0 0.01
Based on the EKF and the DTC, the proposed sessorle
speed control of a PMSM is shown in Figl. As deszidhe
proposed Pl regulator compares the referencewith
speedyy, calculated with the estimated spegiven by
Kalman filter and it is delivers as output the toeq
reference Tt . The flux is controlled to follow its
reference .

V. SIMULATION RESULTS

In order to prove the effectiveness and the feltgituf the
proposed SVM-DTC associated to EKF , the simulation



module is built in MATLAB/SIMULINK®,
specifications for the used PMSM are listed ineabl.
Figure 5 show the torque dynamic performance)dbes
of the stator flux and he stator current response.
Figure 6 gives the comparison between the two istate
locus with classical DTC and SVM-DTC

Figure 7 shows the speed tracking controller opérat a
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Fig.5 Simulation results without speed sensor
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Fig.6 Ccomparison of the stator flux locus with DT@fr) and SVM-DTC (left)

[rad/sec]

[rad/sec]

-10 L L L L I
0o 0.02 0.04 006 0.08 0.1

t[s]

Fig.7 Speed simulation results

110 T T T

[rad/sec]

2.4 25 2.6 2.7 2.8 2.9
t(s)

under SVM-DTC -EKF




VI. CONCLUSION

To solve the problems of large flux and torque legpand (9l
inconstant switching frequency in direct torque tcoinfor
permanent magnet synchronous motors and to elieinat
speed sensor since it deteriorates system retialkalnd
increases the cost of system, a novel speed seas®ITC
method based on space vector modulation and EKF is
proposed in this paper.

The torque ripple for this SVM-DTC is significantly
improved and switching frequency is maintained tamts
This study has successfully demonstrated the desigme
EKF control for the speed control of a PMSM . Tloatcol
laws were derived based on the motor model. Nurakeric
simulations have been carried out showing the adgas
of the SVM-DTC method with respect to the convemdio
DTC. The effectiveness and robustness at tracking a
reference speed under critical situation of benckma
commands rapidly changes

[13].

Table IV

Rated voltage 208V
Pole pair numbelP 3

d-axis inductancd, 4 66 mH [14].
g-axis inductancd, 58 mH

Stator resistancé, 1.40

Motor inertia,J 0.0017&gn? [45].
Friction coefficientB 3.88. 10'Nm/rad/s

Magnetic flux constang 0. 1546Wb
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