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ABSTRACT

In this paper, we will presented a deterministic observation approach , nonlinear applied to the Induction
Motor: this is a sliding mode observer. Indeed, this paper will serve to emphasize the importance of the
order without sensor to increase the profitability of our machine. Our sliding mode observer will be applied
to the field oriented vector control then to the sliding mode control. The contribution of this paper is the
design of sensorless control using XSG order to be implanted on the FPGA.
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1. INTRODUCTION

In the literature, the majority of developed
control laws require speed control. In fact, it
requires a mechanical sensor namely a tachometer
dynamo or an incremental encoder. But
unfortunately some applications need other
techniques for reconstitution of speed because of
the variables that are not accessible to measurement
are usually the magnetic variables and this is
mainly due to economic reasons and reliability of
measurement. The most used technique is the use of
observers. An observer is usually installed on a
calculating to reconstruct or to estimate in real time
the state of a system, from the available measures
of the inputs of the system variables and of a priori
knowledge of the model. The role of an observer to
monitor the dynamics of the state as a basic
information on the system. To increase the
robustness of the control and improve performance,
we will use a sliding mode observer for the
reconstitution of the speed and other inaccessible
variables to the extent such that the rotor flux. To
highlight the performance and benefits related to
the use observers. We proposed in this paper to
implement this observer for two commands without
mechanical sensors.

The contribution of this paper is the use of the
graphical environment XSG is a new tool in the
field of machine control and allows electrical
engineers to quickly design control algorithms that
are typically too difficult to be programmed and
requires great knowledge in the fields of electronics
and the major advantage of this tool is to avoid the

painful programming and away from the usual tools
such as Labview and VHDL without forgetting that
this tool allows viewing of all signals before FPGA
implementation.

The contribution At first we will start with the
vector control with sensors observing of the rotor
flux. Then we will focus on the sliding mode
control without mechanical speed sensor. Then we
implemented the two control laws: the vector
control and the sliding mode control on FPGA
board using Xilinx System Generator (XSG). At the
end of this paper a comparative study will be made
between results obtained using MATLAB-
SIMULINK and XSG.

2. SLIDING MODE OBSERVER

In the literature, several problems identified are
related to the rotor flux estimated : the solution
proposed is the use of a sliding mode observer. The
use of the technique of sliding modes for designing
an observer ensures both good dynamic
performance across all the speed range and
robustness with respect to various disturbances.
These observers have taken an important place in
the market for electric workouts.

A sliding mode observer does not require in its
entry the speed and the rotor time constant like
other observers. In general, the principle of a
sliding mode observer is to oblige the dynamics of
a n-order system to converge to a variety S (x)
dimension (n-p) said the sliding surface (p being
the dimension of the measurement vector). In this
observer, concerned dynamics are those of the state
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observation errors. From their initial conditions, The speed and the stator currents are obtained

these errors converge to the equilibrium values. The  directly by measurement. The observer of the
principle of a sliding mode observer can be current and the flux is described by the system of
summarized in two steps: equations (2):

- Ist step is convergence towards the sliding

surface: design of of the sliding surfaces so that the ( disa =— (& + &>f o isg + —— Re Psa
trajectories of the estimation error converge on this dt oLs GLlr olrLs
area to ensure a stable dynamics. ‘*)r A~
- 2nd step is the invariance of the sliding oL ot P8 5T, oLy of, Vs T Aulst + Al

surface: calculate gains observers so that the disg R, R, R,
trajectories of estimation errors are confused with FTE (E + oL, )ISB +wlsq + oL, Ly —— P (2)
the sliding surface and keep them on it. ) W 1

In what follows, we will perform the — Qs + — Vs + Aizlsy + Al
mathematical development of the sliding mode oLs ols
observer to estimate the rotor flux on the one hand dPsa =V —Rdw 4 A T + A I
and the estimated speed of the asynchronous dt sa TsTsa T Felisl T He2is2
machine on the other hand. The observation of the dfsp N
flux is obtained through a current observer. When dt UsB T Rslsp + Agslss + Agals
we ensure the convergence of the flux, the speed
can be determined through an equivalent control. With:

2.1 Mathematical model of the observer fon o~ o~
Isas Tsp 5 @0 Pyt are the components of the stator

The synthesis of a sliding mgde obseryer IS current and the estimated stator flux respective iy,
made from the model of the MAS in the stationary isg Psas Qsp in the stationary reference frame (a, B).

reference frame (a, ). So we write: I, the sign vector is defined as follows:
i _ (Is1\_{[signe(S1)
dis, =— (E + ﬁ)i - +— R 0, s = (Is;)*(signe(sm)
dt oL, oL ) s T O Isp oL, Ls With
o 1 A (G=1, 2, 3, 4) and A, =1, 2, 3, 4) : are the gains
oL, Psp G_L,SVS‘* of the observer.
disp = - ( Rs + Re )1 + o i L (D ISl 2”11"n}fleize'cig(r3 ’flslle fll"l(i)l? tghz:usrlfi?;fls. surface selected
Jat oLy | oL,/ ot oL O ot & & '
O 1 2.2 Dynamic model of observation errors
oLy Pse oLV
OLg We suppose that:
do, _ R.i g; : the error of observation of current.
dt Vsa slsa g,: the error of observation of the rotor flux
d(PS €isa (iscx - isot)
B . .= = . ~
dt Vb T Rslsp & (Sisﬁ) Isg — Isg )

8@50‘ ((pS(X - @sa)
Ep = = ~
@ (%56) Psp — Psp
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Based on the equations (1), (2) the equation
governing the observation error is expressed as:

dejg (RS+RF> + R,
dt ~ \oLg @ oL,/ e T @rEB T G T Fea
)
+—r£q,B — (Aj;sign(S1) + Aj, * sign(S2))

oLg
dsiB RS Rr Rl‘
R LA BT S PSR . _r 4
dt (0LS + oLr) Eip ~ @ rfia T oL, Lg Fop )
r

®
+Es‘p“ — (Ajzsign(S1) + Ay, * sign(S2))
S

de

d(tpa = —Rs€jq — (Am * sign(sl) + Ay * sign(sZ))
de

d(‘ZB = —Rsgig — (Aq,3 * sign(s1) + Aga * sign(sZ))

2.3 Reconstitution of the rotor flux

The synthesis of the sliding mode observer of
the flux is done in two steps. The first step is to
determine the gain of the observation of the
currents and the second step is to calculate the gain
of the observation of the flux.

- Calculation of gains
observation of currents:
we assume that the sliding surface related to errors
of the stator currents is defined as follows:

related to the

_ (51 _ n-1 isq — i\sa
$= (Sz) =D (isB - Tsﬁ) )
Knowing that:
Rr wr
LeLs Ls
D=("° or R (6)

oLs oLyLg

For a null errors of currents we have: (ig, = 154 €t

isB = TSB)

We then obtain: S= 0. We note as well that the
matrix D depends on the electrical and mechanical
parameters of the MAS. Hence the determination of
the dynamic of the observer. The good accuracy of
the measurement of the stator current and speed,
allow to suppose that the observation of thesg
variables gives us a zero observation error. So we
express the gains matrix of stator currents as
follows:

Air A 6 0

a=(a a)=2(s 5) @

With 6; and 6, are two constants determined
following an analysis of stability according to the
approach of lyapunov to ensure the attractiveness
of the sliding surface.

-Calculation of gains
observation of the flux:

related to the

To determine the gains matrix of flow we must
meet the following conditions:
* 1st condition: ensuring the attractiveness of the
sliding surface so (S = 0).
* 2nd condition: ensuring local stability of the
system thus ($ = 0).

These two conditions: cancellation of the error
of the stator current and its derivative entails that:

€ia=€ip= Eix = Eip=0.

Is then obtained:

R (1) ) -
JGL:LS €pa T O-_FE‘PB = (Aj;sign(s1) + Aj, = sign(s2))

Ls
R » . -
koerLS Eop + G_Lrs%a = (Ajzsign(s1) + Ay * sign(s2))

_ sign(Sl)) _ (Ai1 Aiz)_l €pa
s = (sign(SZ) “la; Ay P (Ecpﬁ) ®
Substituting equation (8) in equation (4), we obtain:

dey
dt

/ R, Wy
(Aqn A(pZ) (Au A12>_1 oL.Ls oL e 9)
\ A(p3 A<p4 Az Ais _Wr R, @

oLs oL.Lg

Then it is assumed variations in the flux error (
this way because the dynamics of the observer

based on the convergence of the flux error.
de,
e

3.8)

= —Qe, (10)
Knowing that: ) (3.9)
_ (%1
(5 4 a

With q; and q, are two positive constants.

Substituting equation (9) into (10), the matrix of
the flux gains is then expressed by the following
system of equations:

A :<A<P1 AIPZ):((h&l 0 )
@ Aps Apa 0 q28;

We must properly choose the constant qg,
qz, 9, and §, to ensure a dynamic faster than the
observer system.

- Determination of conditions of stability with
variation of the rotor resistance:

The stability of the observation of the system by
sliding mode must be checked. To satisfy this
hypothesis we must ensure that the system
dynamics converges to its sliding surface and this
by making an adequate choice of parameters
6, and §,.

(12)
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We must choose the Lyapunov function to
satisfy the two conditions of stability:
- 1st condition: V is positive definite

We choose the Lyapunov function as follows:

v=§sTs (13)

- 2nd condition: the derivative of V is negative
definite

V=sTS$<o0 (14)
V=S, SZ]TD—“%i <0 (15)
Substituting (9) into (15) we write:
Ry o
. _ oLrLs  oLg €pa
V=Is sl T R (%B) -
oLs oLyLg
<A<p1 A(pz) (sign(Sl)) (16)
Agz Ags/ \sign(S2)
Hence,

. € §; 0 /sign(S1)
_ T ¢a) (01 g
V=1[5 Sl ((8(93) ( 0 82> (sign(52)>><O
If this inequation is verified then the stability
condition is satisfied:

{81 > |s(pa|
6, 2 |5<p(3|

To wvalidate the principle of separation, the
conditions of stability must be satisfied which
allows to ensure a dynamic of the observer faster
than that the system. In this manner, we can satisfy
the separation between the control and the observer,
and therefore we can ensured the overall
stabilization in the closed loop of the set (control +
observer).

- Adaptation Mechanism of the rotor
resistance:

the major problem of the sliding mode observer
that it is designed so that the rotor resistance is
known but unfortunately the value of this resistance
is very sensitive to external disturbances and
specifically to temperature change.

This problem hugely influences on the values of
the rotor flux and the values of the electromagnetic
torque. That's why the solution we propose to
remedy this problem is the online adaptation of the
rotor resistance.

In this case, so we assume the variations of
parameters of the machine:

~ R . AR; . 1
a-=a.+Aa,=—+— with o, =—
T r r Lr LI‘ r TI‘
= ~ o Ry R) |, MpAay
Ry =R{+ M, y=y+Ay=—"=—"24+—-
A s A, Y =Y Y ole  oLe ols

During the sliding mode, the path of the
currents reaches the sliding surface thus:

S=0,=0,%=0 (17)
0 = k[Ag, + Aa,B] — Z (18)
¢, = —[Agqy + Ao, B] — PZ (19)
With:

_ _ -1 [ % W
Z=Als, P=AgAT A= [0 ]

Mig, — @
and B = Mf“ (ﬁm]
Isp — O
To ensure the stability we must satisfy the
following condition:

¢ . \T 1d

Vo = (&) o +Aay - A <0 (20)
gp=A" (5 Aoch) Q1)
tp = —1 (I +KP)Z (22)

If we assume that F = i(l2 + kP) with I, is the
identity matrix (2x2). So we can write:
¢ = —FZ (23)

Substituting the equations (21) and (23) in the
equation (20) then we can write:

o _ 1.7 T 1d
Vo = =1 ZTHZ + Aa (Z HB+g1thar) (24)

H=FTAland k>0

To ensure the stability condition Lyapunov it's
necessary that V,, < 0 so:

ZTHZ > 0 25)

and

1d
A, (ZTHB + gaAcxr) -0 (26)

In order to satisfy the inequality (25) is
assumed:

n 0 .
H= [01 m]’ withn, > 0 27)

Substituting in equation (26) the matrix H by its
values in (27) are obtained:

d
aAO(r = _g1T]1ZTB (28)
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ARy

However, Ao, = .
T

We can then write:

d ” ~ ~ ~
EARr = _glnlLr(AiIs)T[Mlsa — Pra MlsB - (prB]

3. A SENSORELESS CONTROL WITH A
ROTOR FLUX OBSERVATION

To highlight the performance and benefits of the
sliding mode observer presented before, we propose
in this part to implement this observer in a control
without mechanical sensor. Then we are interested
to a sensorless sliding mode control. After a
comparative study will be made for the different
operating regime with the aim of concluding about
the performance of this new technology of control
without sensor.

3.1 Sensorless vector control with a sliding
mode observer

Voc
, ]
o i S
&r Plcontroller | “3+ )| Flcontrole Vi : S
T X of speed 2 = of current “ U;q 9 U, s Sy
= Y i ; [ 1 svewM s
#| Decoupling Uy Pack U,p gating 2 2 Voltage
) i . > S modle | S'a | invester
e | Plconteolter | 3dIY oI H, [ 5% 0
g X of rotor flux B X / of current Ic
i
.'m isa
tsp Clask
transformation i’b
Stiding mods
-~ -~ observer of [
| la P current and Ysa
P, flux Use (':h’k
U p transtormation U »
s _Ys
77
MAS

Mesure of speed

Figure 1: Block diagram of a vector control with a sliding mode observer

According to the layout diagram of the vector
control without mechanical sensor provided with a
non-linear observer adaptive by a sliding mode
comprising two estimation and adaptation
mechanisms one is intended to estimate the speed
and the flux, the other is intended for the

estimation and adaptation of the line rotor
resistance.  This technique of sensorless control
provides a perfect decoupling between the rotor
flux and the speed for different operating regimes
namely: low speed, over speed, applying a load
torque, ...
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3.2 Sensorless Sliding mode control with a
sliding mode observer:

30Hz

Vae Voltage
[ e
-=
YF T e
I —‘_I I c lig] ia

Usa Ysp

|

Sliding mode observer
of flux

Figure 2: Block diagram of a Sliding Mode control with a sliding mode observer

In order to highlight the performances of the
sliding mode observer applied to the sliding mode
control without mechanical sensors. The scheme of
the implementation of the sliding mode control
with a sliding mode observer is identical to the last
except that the four PI controllers we change them
by four sliding mode controllers.

4. DESING OF SLIDING MODE
OBSERVER USING XILINX SYSTEM
GENERATOR

XSG is a tool box developed by Xilinx to be
integrated into the MATLAB-Simulink
environment and allows users to create highly
parallel systems for FPGAs. The models created
are displayed as blocks and can be linked to other
blocks and all other boxes MATLAB-Simulink
tools. Once the system is completed, the VHDL
code generated by the XSG tool replicates exactly
the behavior observed in MATLAB. It is much
easier to analyze the results with MATLAB than
the other tools like ModelSim associated to
VHDL. Then, the model may be coupled to virtual
engines. The XSG tool is used to produce a model
that will immediately work on equipment when
completed and validated. In this part we will
remake the control algorithms performed using
MATLAB-Simulink using the XSG tool. We will
complete this paper by a comparative study of the
results found with SIMULINK and XSG.

- Design of gains related to the observation
of the current:

The matrix of gains related to the observation
of the current is given by the following expression:

_ (Ain Aiz)_ (51 0)
m=(an a2 =(o s,
R]" (DI‘
[ oLLy oL (51 0)
- _& Rr 0 82
oLs oL.Lg

Because the XSG environment does not accept
analytical expressions we then calculate the terms
of the matrix:

A = R, 5 = 4.2 80
17 6LgL, ' 0.0929 * 0.462 * 0.462°
= 16944.923

Aiz = 0
Ai3 = 0

Ry _ 42 _
Aia = oLsLy 2 0.0929*0.4—62*0.4—62'80 -
16944.923

- Design of gains related to the observation
of the flux:

The matrix of gains related to the observation
of the flux is given by the following expression:

A = (A(Pl A(pz) — (q181 0 )
@ A<p3 A<p4 0 q298;

A(pl = q181 = 5.80 = 400
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Apr =Ap3 =0 observation of the flux, and the observation of the

current with the XSG environment of Xilinx is

Aps = qz8; = 1080 =800 given by the figure below:
The design of the sub block concerning to the

determination of the gains related to the

I 16042 02207363281 3
Constantd Gateway Out7? A
C1 D -
: = - > owl—»C2D o
Generator
~ e A Gateway Out Az
Chuit
- S [ ou]
Gateway Out1 Az

Chun1

| 1604<.022073632813 | out]

Constant2 Gateway Out2 Ais

[ owtl—»Cs5

Conatants Gateway Out2

Y

x (0) »- Out
Gateway Outs Af2

CMun2

Y

[ out}l—»C7O

Gateway OutS A3
CcMun3

. Ata
Conatnnse Gateway Outé

Figure 3: Schema of the sub block: calculating of the gains related to the observation of the flux and the
observation of the currents

- Design of Sub block of calculation 0.0198
of current: 1= 3635 7 o [9.09(isq — 1sa) — @y (isp
According to the theoretical study developed i
previously (8) we can write: — 1sp) ] Sign(S1)
oLsLy 1 . .
Isl = Rf [T_(lsot - lscx) - Wp (ISB 0.0198 ] . ]
M. (L—r) + w2, T b2 =335 T ar. [9.09(isg — 1sp) + 0r (isa
T . r
— 1sp) ].Sign(Sl) — 10| Sign(s2)
I, = _ o obske i(i — i) + o, (i The implementation of these equations in the
s2 2 T sB s r \lsa R .
R, 2 r XSG environment sets the internal schema of the
M. (L_r) + w4,

second following sub block:
— 1) ] .Sign(S2)

By substituting the numerical values we obtain:
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Figure 4: Scheme of subblock: calculation of stator currents designed by XSG

So we designed all sub blocks of the sliding mode observer of the flux and the stator currents. We will
collect them, connect them and realize the overall scheme of our observer realized in the XSG environment

is shown in figure 5.

i Gateway In

&-

System
Generator

Ai3

Aig
wr

A

A

Af3

Afs

Calcul des gains

:

des courants et du flux

isalpha Gateway In1

Gateway In2

B
I~

Hm

v L

Vsbeta Gateway Ind

vsalphal

Ail

Aiz

Ai3

Aig

Afn

A

Af3

Afs

Is1

o

wr

3
vsbetal isalphal

isbetal

<Tisalpha_est]]

3

Gateway Out  isalpha_est

<[isbeta_est]

Gateway Outl isbeta_est

<{phiralpha_obs

Out =

P

P

phirbeta

1RO}
Gateway Out2 phiralpha_obs
<{phirbeta_obs]

Gateway Out3 Phirbeta_obs

Détermination du flux observée

[isbeta_est] >/

AcaSubl

.,

y

wr

Is1

Is2

Calcul des courants Is

et des courants observées

Figure 5: Overall scheme of the block of the sliding mode observer designed with the tool XSG
5. SIMULATION RESULTS

5.1. Sensorless vector control with a sliding

mode observer

To test the performance and robustness of the
sensorless vector control with a sliding mode
observer in different areas of functioning, we will
perform a series of tests on the variation of

different grandeur of machine: (speed, load).

* 1st test: speed variation and application of

a load torque

For the speed setpoint, we start with a
magnetization regime of the machine, then we
apply one speed ramp at t = 0.1s to reach its
reference value (100 rad / s) at t = 0.3s. Then, at t =
1.2s we apply a reversal of speed of the machine to
a value of (-50 rad / s) at t = 1.2s. The nominal
value of the reference of flux is equal to 0.9 Wb. In
a first time we apply on the shaft of the machine a
value of load torque 4 N.m at t = 0.6s.
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Sensorless vector control with sliding mode observer
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Electromagnetic torque Stator Current
Speed (rad/s) Flux (WD) (N.m)

mm& mms A>v

Table 1: Simulation results of the sensorless vector control with a sliding mode observer

- For the flux curve, we see that the actual flux
and the flux observed follow well the reference

fl

For this first test we note well:

- For the curve of speed, it is clear that the
speed follows the setpoint even by reversing the

direction of rotation.

ux.

- For the electromagnetic torque curve, it is
clear that it is the image of the stator current along
the axis q. From where the decoupling is assured
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ioning:

low-speed functi

* 2nd test

between the torque and flux. And applying of a
load torque at t = 0.6s affects well the value of the

current

To test the observability of our system at very
low speeds we operate the machine at a low speed

and we apply a reverse ramp of speed at t = 1s to

- For the curve of the observed stator current,
we note well that the observed values and real

reach a value of 3rad /s att= 1.3 s and we apply a

=0.

zero as a load torque Cr

curves are identical

- For curves designed by XSG we see that they

are identical to those given by SIMULINK.

de observer

iding mo

.

Sensorless vector control with sl

time(s)

time(s)

|
|
Q T
[72] |
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Electromagnetic torque Stator Current
Speed (rad/s) Flux (Wb) (N.m)

mmn_u mmm A>v

Table 2: Simulation results of the sensorless vector control with a sliding mode observer
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For this second test at low speed we note
although:

- The speed curve follows well its reference
value even at low speeds. By performing the zoom
the difference is negligible.

- the curves of flux observed and the actual flux
follow very well the curve of flux of reference.

- We note that the electromagnetic torque is the
image of the stator current along the axis q. So we
checked well decoupling between torque and flux.

5.2. Sensorless sliding mode control with a
sliding mode observer

For the speed setpoint, we start with the
magnetization regime of the machine, then we
apply a ramp of speed at t = 0.1s to reach its
reference value (100 rad / s) at t = 0.3s. Then, at t =
1.2s we apply a negative speed to the machine
reaching a value of (-50 rad / s) at t = 1.2s. The
nominal value of the reference flux is equal to 0.9
Wb.

Sensorless sliding mode control with sliding mode observer

MATLAB-SIMULINK

XSG
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Table.3: Simulation results of the sensorless sliding mode control with a sliding mode observer

According to these results obtained by
performing these tests, we can conclude that the
sliding mode control with the sliding mode
observer gives very satisfactory results. This
sensorless control demonstrated a good robustess
against parametric variations. This type of control
has displayed a perfect decoupling between flux
and torque. And the most important that the results
obtained with the XSG environment are similar to
those obtained with SIMULINK. So this type of
control can immediately be implemented on FPGA

6. CONCLUSION

In the first part of this paper, we presented the
approach of the sliding mode observer. Then we
focused on the importance of sensorless control in
order to increase the profitability of our machine.

After we applied this observer to the vector
control and the sliding mode control.

At the end, a comparison was made between the
results obtained with XSG and Simulink and we
can conclude that the results obtained by these two
environments are the same therefore our algorithms
can be implemented on the FPGA board. In
addition, by performing several tests: speed control,
speed reversal, applying a load torque we can
conclude that the sliding mode observer meets the
most critical needs of the control laws of the MAS
of the viewpoint of robustness against parametric
variations and ensures proper operation over all the
entire speed range especially during low speed
operation. mode control. In the third part of this
paper, we designed the sensorless controls with
XSG to implement them on the FPGA board.

Finally, this tool XSG allowed us to solve many
problems in the field of machine control. All his
problems are related to difficulties in using VHDL.
With this graphical environment all his problems
are solved. but as a perspective of this work we
must think seriously about developing a

comprehensive library under XSG similar to
Simulink based on the principle of reusability and
future work thinking to develop methods to further
optimize the algorithms designed with XSG tool in
reducing the number of resources used and the
computation time. Because the major drawback of
this method: it gives non-optimized algorithms
when use the material resources of the FPGA
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