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@ Motivation: Use of electric machines, Pl control

© Problem statement: Improve transients of speed control of
synchronous machines.

© Proposed solution: Static Anti-windup.
© Example: Application to a PMSM.



Permanent Magnet Synchronous Motors

Electric Motors

Use of electric motors

Anti-windup for electric motors:

Sagqib, Rehan, Igbal, and Hong. Static Antiwindup Design for Nonlinear Parameter Varying Systems With
Application to DC Motor Speed Control Under Nonlinearities and Load Variations, |IEEECST 18;

March and Turner. Anti-Windup Compensator Designs for Nonsalient Permanent-Magnet Synchronous Motor
Speed Regulators, IEEETIA 09;

Sepulchre, Devos, Jadot, and Malrait. Antiwindup Design for Induction Motor Control in the Field Weakening
Domain, IEEECST 13;
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Permanent Magnet Synchronous Motors

Internal vs Surface

SPMSM

Salient vs Non-Salient



Permanent Magnet Synchronous Motors

Permanent Magnet Synchronous Motors

Choice of coordinates: Park and Clarke transformation
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Permanent Magnet Synchronous Motors

Architecture for speed control

= control
Wer 3 PI Speed | igr.; PI Current | vgr
X control ~ control
we

PMSM



Permanent Magnet Synchronous Motors

Park Transformation

Choice of coordinates, in the rotor we have

dg _  Rs; Lg i 1
g_, = —L_dld+zwe/q+zu1
I Rs; L ! 1
* = _L—:/q—L—Zwe/d_lf_;We-ﬁ-L—qUz
dwe _ Np P f Np
St = 7 Wlg, lg) = jwe—F11

Uy c

U2

Wias i) = SNa(th + (L — La)ia)i

iq direct current, ig quadrature current, we electrical speed.
¢, rotor flux, Rs, stator resistance, Ly, Lq direct and quadrature inductances.
J the moment of inertia of the rotor, N, the number of pairs of poles, f viscous

friction coefficient.

Vas. Sensorless Vector and Direct Torque Control, Oxford 98;
Grellet and Clerc. Actionneurs Electriques, Principes, Modeles, Commande, Eyrolles 97;



Permanent Magnet Synchronous Motors

Park Transformation

Choice of coordinates, in the rotor we have

di Rs ; L . 1
G = Iy latrgwelat ;Ui

dg _ _Rsj Lo, j ¥t 1
T = T la [Weld— [jwet Uz

Gue — %W(/Mq)—éwe—%w
L
Uz
. 3 L
(i, ig) = §Np(¢f + (Lo — Lg)ia)iq

iq direct current, ig quadrature current, we electrical speed.

¢, rotor flux, Rs, stator resistance, Ly, Lq direct and quadrature inductances.
J the moment of inertia of the rotor, N, the number of pairs of poles, f viscous
friction coefficient.

Vas. Sensorless Vector and Direct Torque Control, Oxford 98;
Grellet and Clerc. Actionneurs Electriques, Principes, Modeles, Commande, Eyrolles 97;



Permanent Magnet Synchronous Motors

Speed control

For speed control, a strategy consists in taking

0 ) = SNalr + (Lo = La)io)i

as the input for the speed control. A reference torque ~, is obtained with

where K, = ($Npwr) .



Permanent Magnet Synchronous Motors

PID for speed control

The control inputs

generated
&g = —ig+iar
e = —lg+igr
Cue = —We+ Wer

K,
Yr 7 8w — Kiwe + Kiwer
= 7% €d — Kalg + Kalor

— g9 [ [
= 7,60~ Kqlq+ Kqigr.



Permanent Magnet Synchronous Motors

PID for speed control

The control inputs

generated (using )
€ = —ig
&g = —ig+Kyyr
éwe = —We+ Wer

K
Vr = 78w, — Kiwe + Kiwer
= 7% €d — Kalg + Kalor
== T_Zeq— inq+inqr.



Permanent Magnet Synchronous Motors

Non-linear compensation

Remove the nonlinear terms with

—LqWeiq

Ve = .
¢ Lywelq + Yrwe

and applyingin v =v; + v.
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Permanent Magnet Synchronous Motors

Non-saturated system

The closed-loop

€ = A + f(€) + Bower + Byt
With € = [ig iy we €4 g €u.]”

—Rs—Ky Ky
0 0 0
Ly 0 iald 0
0 —Rs—Kq —vf—KqKy Ki 0 Kg  KqKy Ki 0
Lg Lq LaTiq LqTij A2
N 3P P
A= 3N f (&) = | 537 (La — Lg)igi
0 3Py -1 0 0 0 (&) 27 do q)ldlq
= 0 0 0 0 0 0
0 1 Ky K; o o ek 0
_ —KyKi S
0 0 —1 0 o0
0 0
KqKy Ki 0
Lq Np
By = 0 By=| "7
Ky K; 0
G 0
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Permanent Magnet Synchronous Motors

Input Constraints

The actual constraint setis i = {u €

R? [ [|ull2 < Umax }

N

s
¥

Define a mapping ¢ : R2 — U/ such that

u=oa(v),

=[%]
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Permanent Magnet Synchronous Motors

Standard saturation

Let us denote
2
OA: R? — {U e R? | U]loo < %Umax} cu
the standard decentralized saturation with a fixed saturation level.

I V2
O'A(V) = s"gn( Vd) max(|Vd|a fEUmax)
sign(vq) max(|vq|, Tumax)

v
Vg

Va
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Permanent Magnet Synchronous Motors

Alternative saturation

Let us denote o : R?2 — U/ a mapping that gives priority to the first input

O‘B(V) = |:

sign(vq) max(|Va|, Umax)
sign(vq) max(|vql, \/ Usax — 5 (v))

/
NS

Introducing a variable saturation level for the second input
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Permanent Magnet Synchronous Motors

Directionality preserving saturation

Let us denote o¢ : R? — U the directionality preserving map

Umax

oclV) = —F——F7——=<V
C( ) max(“mam ||VH2)

v
Vg

daw
NI
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Permanent Magnet Synchronous Motors

Sector conditions for directionality preserving

For the same value v different inputs

Vg

Jc
TA

(V%
NI

How to incorporate these functions for the analysis/synthesis?
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Permanent Magnet Synchronous Motors

Sector conditions for directionality preserving

For the same value v different inputs

Vg

Jc
TA

a3
NP

How to incorporate these functions for the analysis/synthesis?
— Sector conditions
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Permanent Magnet Synchronous Motors

Sector condition

Consider the directionality preserving non-linearity o(v) = o¢(v) and define
&(v) :=v—o(v). We have

g(v) = v—o(v)
Umax
= V-—V
max(“mam ||VH2)
umax

~ max(Umax, [[V]|2)

€[0,1]

G(v)
Vg

dAw
NI
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Permanent Magnet Synchronous Motors

Sector condition

Forany T € ST, the inequality

5T (U)T(E(U)—u) <0

holds for all u € R™.
Proof.
Since 6(u) = (1 — B(u))u and B(u) € [0, 1], we have

&7 (u)T(5(u) — u) (1 = B(u)u"T(—=pu)u
(1 = B(w)(—Bu)u" Tu
0.

IAI
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Permanent Magnet Synchronous Motors

State constraints, current limitation

Also need to prevent high peak currents, that is
@ total peak current < ||ipeax||2
@ total steady state current < ||iss||2
These are state constraints involving the total current |i||3 = i3 + iz.
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Permanent Magnet Synchronous Motors

State constraints, current limitation

Also need to prevent high peak currents, that is
@ total peak current < ||ipeax||2
@ total steady state current < ||iss||2

These are state constraints involving the total current |i||3 = i3 + iz.
— Possible solution: bound the reference signal iy; and ig.

19/39



Anti-windup Synthesis

Speed Control Architecture

A block diagram of the control loop of the linearized system including the
saturation is given below

UAW

(idv i!p W(z) ¢ 4}(@0 PMSM
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Anti-windup Synthesis

Speed Control Architecture

A block diagram of the control loop of the linearized system including the
saturation is given below

UAW
LA Up + U

wy

L c
(ia g, we) *fm

| Uawe ig | Uawg

il Tuwawa
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Anti-windup Synthesis

Speed Control Architecture

And the control inputs

are obtained from

= —lg+Vawa
= —iq + qu;’}/r“' Vawg
= —We + Wer+Vaww

K
= T 6uwe— Kiwe + Kiwer
= 7% €d — Kalg + Kalor
== T_,: eq — inq + Kq’qr,
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Anti-windup Synthesis

Speed control with anti-windup input

Using &(v) := v — o(v) the closed-loop system becomes

€ = At — B5(v) + Bawvaw + f(€) + Buwer + By

- 0 000
0 qu 0 00 Vo
0 0 0
B= g 8  Baw = 10 0 ;VAW—[VAWq]»
0 0 01 0 VAW
0 0 0 0 1
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Anti-windup Synthesis

Speed control with anti-windup input

Using &(v) := v — o(v) the closed-loop system becomes

é = A¢ + (*B+ BAwKAw)a'
- 0 00
0 qu 00
_ | o o |. _ |00
B=10o o |B»=]1 0
0 O 0 1
0 0 0 0

(v) + (&) + Bower + Byt

f

0

0

0 Vawd

0 s Vaw = Vawg |-
0 VAW w
1

Compute a static Anti-Windup uaw = Kaw (V).
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Anti-windup Synthesis

Speed control with anti-windup input

Using &(v) := v — o(v) the closed-loop system becomes

§ = At + (=B + BawKaw)&(v) + f(€) + Buwer + Byy1
- 0 000
0 qu 0 0O y
O O 0 AWd
B= 8 8  Baw = 1 0 0o |iVvaw= ‘l//AWq
0 0 01 0 AW
0O O 0 0 1

Compute a static Anti-Windup uaw = Kawd (V).
The LMI based method used here can be found in

Zaccarian and Teel. Modern Anti-Windup Synthesis - Control Augmentation for Actuator Saturation, Princetown

Series in Applied Mathematics 2011(Section 4.3.1);

Tarbouriech, Garcia, Gomes da Silva and Queinnec. Stability and Stabilization of Linear Systems with Saturating

Actuators, 2011 (Section 7.3.2);
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Anti-windup Synthesis

Static Anti-Windup

Consider the system

'3 Ac€ + (Bol,g + Bor,awKaw)& (V) + Bo,ww
v = Cg&+ Dc/,u&(V) + Dc/,wW
z = Ccl,zf + Dc/,z&(v) + Dc/,zW

Theorem 2.1

If there exist Q € SZy, S € R™", T € DZ,, and a scalary > 0 such that

Ac/Q Bc/,q T 4= Bcl,AWS Bc/,w 0n><p
Ccl uQ (Dcl u— Im) T Dcl uw 0m><p
H ’ ’ ’ 0
€ Omwxn Omwxm —%’Y/mw Omwxp <
Ccl,zo Dcl,z T Dcl,zw _%'Ylp

Then Kaw = ST~ guarantees 1412

e <7 for the closed-loop system.
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Example

Experimental results

We applied the above to a non-salient machine with Rs = 0.95%,

Ly =Ly =13.6mH, ¢r = 0.284Wb, and Umax = 34V. N, =4,
J=23.2x10"%kgm?, f = 0.0001Nms~".

Pl gains Ky = K4y = 34 Tig = Tiy = 0.0143 and K; = 0.2011 T; = 0.0796.

With
W=
and
Z = We — Wer,
we obtain

—1.3408 0.000
Kaw = 0.0006 —1.0563 | .

—0.0012 —2.3856
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Example

Experimental results

Experimental setup

. dSPACE MicroLabBox 10KW Inverter PMSM 4.8kW
MATLAB 2Ghz, FPGA, 100 E/S, CAN  + LEM current sensors SP: 1500rpm 360V
SIMULINK
= PEEeE f 3
+

RTI Blockset l

Fast prototyping
HMI

A
T
i [
ControlDesk i
|
i

Current feedback

dSPACE

Position/Speed feedback
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Example

Experimental results

Angular speed
T

140
120 B
100 - == = —— ]
801 4
)
k=1
S
3 60 B
a0 B
201 B
AW
0 f— Without AW |
I I I I I | T
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16

Time [s]
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Experimental results

50

40

o), olv,) V]

Example

Saturated inputs
T T

I
0.01

I
0.02

I
0.03

I
0.04

I I I I I
0.05 0.06 0.07 0.08 0.09 0.1
Time [s]
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Experimental results

&(vq)lV]

3000

2500

2000

1500

1000

500

-500

-1000
-1500

-2000
0

Deadzone of Vg

Example

I
0.002

I
0.004

0.006

Time [s]

I
0.008

I
0.01

I
0.012

0.014
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Example

Experimental results

Currents, no Anti-Windup
T T T

—— iy no AW

—i_no AW
q

I I I I
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
Time [s]
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Example

Experimental results

Currents with Anti-Windup
T T T

-0.5 -

I I I I
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
Time [s]
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Example

Experimental results

Current response
T

12 T T T

I | I I
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
Time [s]
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Example

Steps for non-linear analysis

Due to the nonlinear terms, the compensation is lost when the system
saturates. For the non-salient case we have
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Example

Steps for non-linear analysis

Due to the nonlinear terms, the compensation is lost when the system
saturates. For the non-salient case we have
13 Aci€ + (Boi,g + Bo,awKaw )5 (V) + BerwW
v Coé+ Vc(f) + Dc/,u&(V) + Dc/,wW
4 Cc/,zf + Dc/,z&(V) + Dc/,zW

not .
& = Au+ (Bag+ BetawKaw)d(v) + Boyww
v = Cué+ Dc/,u&(V) + Dcl,wW
z = Ccl,z€ + Dcl,z&(V) + Dcl,zW
_ | —Lawelg
Vc(f) - l: LdUJeid :|
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Example

Steps for non-linear analysis

Due to the nonlinear terms, the compensation is lost when the system

saturates. We have

Speed 100 rad/s
150 T T T
K
'
1
1 \
'
[N
s
100 | i e P ———
1
1
I 1
3 1
< 1
= 1
) i
3 '
1
'
50 - 1 ~
'
1
1
! e
j - - Without AW Linear
——With AW Linear
—With AW
- = Without AW
0 I I I I I I I T T
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
Time [s]
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Example

Steps for non-linear analysis

Due to the nonlinear terms, the compensation is lost when the system

saturates.
Speed 290 rad/s
450 T T T
400 - "
350 -
300 -
1
T 2501 B (] 1
3 1
g 1
4° 200 B R
1
1
150 - ! .
'
1
'
100 - [ ;
/ —Yer
[ = = Without AW
50 - —With AW H
- = Without AW Linear
—— With AW Linear
0 I I I I I T T
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

Time [s]
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Example

Steps for non-linear analysis

Due to the nonlinear terms, the compensation is lost when the system
saturates. The Anti-windup helps recover a similar behavior.

Speed 290 rad/s
T T T

450
400 =
350
"
300 - "
1
]
@ 250 - 1
] 1
g 1
4° 200 B R
'
'
150 - ! ~
'
1
1
100 - 1 )
! Yer
] - = Without AW
50 —With AW H
- = Without AW Linear
—— With AW Linear
0 I I I I I T T
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

Time [s]
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Example

Steps for non-linear analysis

Consider the quadratic function

1 id T id
Vo(ia, fg:we) = 5 | i Po(p1) | g

with
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Example

Steps for non-linear analysis

Consider the quadratic function

1 id T id
Vo(ia, fg:we) = 5 | i Po(p1) | g
We We

0 0
Po(pr) = P

with

Po(p1) > 0 provided

Ly\? Lo\?
O<pr< (2 ,ifLly>Ly or pr> (2 ,ifLy <Ly
Ly Ly
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Example

Energy-preserving nonlinearities

We have (V Vo, f(€))

t—;w‘eiq I'd T t—;w‘eiq
<VV07 __dweid = [ fq j| Po(p1) __weld =0

2
ng(I—d — Lq)ialg

which, from the above gives V as a quadratic function... However with the
above V £ 0.
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Example

Energy-preserving nonlinearities

We have (V Vo, f(€))

t—;w‘eiq I'd T t—;w‘eiq
<V V()7 __dweid = [ fq j| Po(p1) __weld =0
2
ng(I—d — Lq)idlq
Take P; > 0 and consider

1 €q T €q
V(x) = Vo(ig, igywe) + 5 | €q P.| eq

Cue Cue

N

which, from the above gives V as a quadratic function... However with the
above V £ 0.
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Concluding Remarks

Concluding Remarks

@ Applied static Anti-Windup synthesis to a PMSM model.
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Concluding Remarks

Concluding Remarks

@ Applied static Anti-Windup synthesis to a PMSM model.
@ Defined non-linearities to exploit the input set.

@ Obtained first experimental results.

@ Next steps include:

@ saturation of the reference current i,
@ non-linear analysis,

@ feed-forward compensation,

@ dynamic anti-windup.
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Concluding Remarks

Thank you!
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Concluding Remarks

Local Sector Condition

The lemma below provides an inequality that holds only locally.

Forany T € S@O, and any scalarn € (0, 1) the inequality

S(u, n) =& (W)T(5(u) — (1 — n)u) <0
holds for allu € n’1b{.

maximize 3 subjectto B € [0,1], Bu € U. (3)

We have n~ i/ = {u € R™|nu € U}. Thus, from (3), the mapping §3 satisfies B(u) > n forallu € n~'u.
Hence we have

T(W)T(5T(u) — (1 — n)u)
(1 = B)u"T((1 = Bu))u— (1 = n)u)
(1 = BW)(n — B(u))u" Tu.

S(u,m)

Since (1 — B(u)) > 0and u™Tu > 0vu € R™ and (n— B(u)) < 0Vu e n—'u,wehave S(u,n) <0
vuenu. O
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