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Introduction
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Introduction
LMRES — Research projects and research goals (funding: > 9.2 million €; e.g. DAAD, Bavaria, BMBF, BMWi, DFG, EU)
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Introduction
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Introduction

Frequency-adaptive pole placement [166]

Frequency-adaptive pole placement for parallelized
proportional, integral and resonant control systems

[

(oph Goettsberger and Christoph M. Hackl

Laboratory for Mechatronic and Renewable Energy Systems (LMRES)
Hochschule Minchen (HM), University of Applied Sciences, Munich, Germany
(christoph.goettsberger, christoph.hackl} @hm.edu

Abstract—A novel and generic frequency-adaptive pole place-
ment (FAVP) algriin o paralccd proportonal, i
and resonant (PIR) control syste L 1t allows to
place arblrarly many close Ioop .nl“ o et Iocatons
the complex plane (uually fex half-plane) with
mping and seling e characterisies. The dosed-
Toop sytem whh pralesed IR, somtrllrs - fhen copable
of tracking any lincar combination of constant and sinusoidal
refernce sighals asymploteally. The p 2

Sehioues 4 beter damped cloved-Joop svstem behavk
Matas piace command. Moreover ven when pLace fal to
place the poles at the desired locations in the complex plane, the
proposd FAPE will do the b Auditonally, e PIR controlce
ipped it simple an-vindupsirsiegy and an clective
referclm [endlorwlrd comml, proposed approach is illus-

3y several imalation sxample

& eunrent comi o 4
Index Terms—requency-adaptive pole placement,  propor-
ol integral and resomant control

e

NOTATION
NE, vc @: natural, real, complex and rational numbers.
0.0): positive real numbers
ative complex. half-plane, i, all 2
real pants R{z} <
@

zer0. Coot neg-
& C.y have negative
For the fnllowmg et n € N
B column vector (where :=

means “transposed”). 0, :=

zero vector. |lz| = Va z: Eu-
clidean norm of z. A € R"™" real (non- sqare) matin
o,, R zero (non square) matrix. I, := diag(1,,) €

 identity m g
@ vecor by 3 (cuumen.la&kv«lse)

1. INTRODUCTION

"] roton mateix rotaing

A. Motivation

Several applications require active control of constant and

reference signal containing not only constant terms but also
multiple sinusoidal components. After Clarke transform:

with Clarke transformation factor = € {2./2} (allowing
for amplitude or power invariant !mmlormmmn 112, Section
14.2.4), such 4 time-varying reference signal (1) =
Y2 (2) in the (a, §)-reference fame’ s given by

.
o)+ s »(::;:E 1)

= 0) 10 )

Yrer(l)

IR —

[
It consists of desired de reference () with possibly
time-varying individual de components A5() and A7 (f) and
desired sinusoidal reference y7 . (t) = 3, ey Ul (f) with
a possibly time-varying amplitude A, (f). time-varying angle

6,0):= / visg()dr with harmonic order v € H € Q.

which depends on the time-varying fundamental angular fre-
quency w;(t), and constant phase offset p,. respectively for
cach harmonic order » € HL. The set H of harmonic orders may
contain any rational numbers v € @ including e.g. positive
(v, > 0) and negative (v < 0) sequence harmonic orders.
The intenal model principle [13], well known in control
theory, states that for such reference (or disturbance) signa
parallclization of proportional, integal and (multiple) resonant
controllers (PIR;; controller) is necessary to achieve asymp-
totic tracking by reduplicating the constant and sinusoidal
‘components of all harmonic orders v € I of the reference sig-
nal in (1). However, the tuning of the parallel PIR; controller

(@ Hy:=(3:5) with b =2 a

Polosso g

(@) Hy:={3;5} with hy =2 and m

;B@
E

- }}i@

o casesansiezassmes o

with /13 =20 and mﬁ 4,

lustrative simulation results for different harmonic set
T8 e subplo (3, () () g accoing 1 (RSCr) wih

place [—] and FAPP [—]: poles [x], zeros [o] & desired poles (@]
{double pole an el ais in cach subplo (@, (0 & (0.

respectively. Pole placement with place (from Matlab) and
FAPP are performed according to the Eigenvalue Selection
Guidelines (ESG,) and (ESG,) (recall Section 11-D3) and

Fosero onp P wap oy
-z ‘ P r:’ E|
£ 4 a® RV EY,

7} with (b) Hy:={2;3:4:5;6: 7} with hy =6 and m, =16,

; HH

:£10;11; -12; £13)
4 (“pLace” fails; not shown here).
Bigure 3: lasraive simuaon reuls for difernt bl st

(

H (se subplots (@), (b) & (¢)) and tuning according 10 (ESG) with
P ) and FAPD [ I poles <1, ron (o] & dexired poe 2]

when compared with the desired Eigenvalues highlighted by
red squares [3]. The respective step responses are also simular;
however, the closed-loop systems tuned by place (see cyan
lines []) exhibit more oscillations and are less well damped
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Introduction

Motivation and problem statement

Reference signal with constant and (multiple) sinusoidal components

Can we achieve fast and accurate tracking ...
= with (almost) no overshoot ?
= with (asymptotically) vanishing tracking error ?
= while considering multiple harmonics and dc-offsets ?
= by which controller structure ?
= by which tuning even if the frequency is varying ?

H | Frequency-adaptive pole placement for parallelized proportional, integral and resonant control systems
i 0 istoph M. Hackl
M| MRES Christoph Géttsberger and Christop 05



Introduction

Proposed solution

Proposed controller structure

af
vy ref

(w;,mf] Reference feedforward
y o Nonlinear system
/0 linearisation Filx) Gi(z) di(t)
— d — x e , t
G - a) Lyl b = (50) oot Ju (40) Loy
i, y = h(z)

aB
Zx/&H VJyu,rP,f

PIRy controller

Yoot || K, (Y, —y) + Ki;
Lot ]l K (Yre i
L

i

for frequency-adaptive pole placement for parallelized proportional, integral and resonant
control systems, which is conducted in four steps:

(z,d1)|

= Step 1: Input/output (I/O) linearization;

= Step 2: Implementation of parallelized PIRy; controller;
= Step 3: Frequency-adaptive pole placement; and

= Step 4: Reference feedforward control.

o Frequency-adaptive pole placement for parallelized proportional, integral and resonant control systems
M| MRES Christoph Géttsberger and Christoph M. Hackl 8/38



Frequency-adaptive pole placement for parallelized systems

Step 1: I/O linearization

Considered system class with multi-input © € R™ multi-ouput y € R™ (MIMO) dynamics

fo = (1) + [0 Jus (20) } m
y = h(z)

where f1: R"—R™, fo: R"—R"™™, h: R"-R"™, G;: R" —=R"*"™ with det G, (z) # 0 and

[ﬁh(fﬂ)r = [Wh(w)’ Omx(n—m):|

m

| S —
::Cl (m)GRme

with det C(x) # 0 for all x € R" (i.e., Gy (x) and C,(x) are invertible).

Step 1: Input/output (I/0) linearization

u=—G(z)" (fi(x) +di(t) + Ci(x) 'v), (2)

gives &y X €1 (@) [£1(2) + Gi(@) - (~Gr (@) (F1(@)+dy (1) +Ca(@) )+ (1) .

. Frequency-adaptive pole placement for parallelized proportional, integral and resonant control systems
i 0 i . Hackl
M| MRES Christoph Géttsberger and Christoph M 1105



Frequency-adaptive pole placement for parallelized systems

Step 2: Implementation of parallelized PIRy; controller

Properties of controller:
= Let m=2 — 2-input, 2-output system of form (1)
= Choose set H of harmonic orders with cardinality |H| =: h € N

= Choose the PIR; controller's feedback vector vy, € R? with 2k + 2 states
Ty = (2, z,,,z,) €R”? including integral states a; € R* and / resonant double states
xz, € R®forall v € H.

Hence, the parallelized PIRy; controller is given by

U, = Wo [Kp (yref - y) +Kiwi+ Z Kywy]
veH
=iApir =:Bpiy
o o ... o ’_I'; (3)
%mpir =Wo O nd ) mPir +WO 1.2 (yref - y)
o ... o ufJ Iy
:1fpi,-(mpn-vyref*yawo’wiva---»wuh)

Remark: Note that all gain matrices K ,, K; and K, , ..., K, are element of R*** and may be
scaled by some angular frequency w, > 1. Anti-windup should also be implemented.

o Frequency-adaptive pole placement for parallelized proportional, integral and resonant control systems
M| MRES Christoph Géttsberger and Christoph M. Hackl 10/38



Frequency-adaptive pole placement for parallelized systems

Step 3: Frequency-adaptive pole placement

The frequency-adaptive tuning rule for the controller gain matrices

K :=[-K, K, K,, -, K,]ecR”" (4)
is obtained as
I, - I,]°°
K=[At - AL Tf’l T?’l withAﬂg,k;{_;’é :‘:ﬂaglﬁww, (5)
T.l,l T.l,l

where, for all i € {2,--- ,I1} and j € {1,--- 1},

T

= 4 [O[,LJ - A]‘l’%,j] 71. (6)

2%

Remark: The simple definition above is based on the introduction of o, := 1, a := 0, az := 1y,
Qg = vy, ..., ap = v, All'T, ; depend solely on known quanteties such as the harmonic orders
Vi =g, Uy =y, ..., v, =, and real o and imaginary w; parts of the j-th desired pole pair
X = —0} + w} and \; = —a — y, respectively.

o Frequency-adaptive pole placement for parallelized proportional, integral and resonant control systems
M| MRES Christoph Géttsberger and Christoph M. Hackl 11/38



Frequency-adaptive pole placement for parallelized systems

Step 4: Reference feedforward control

Invoking the Internal Model Principle, the desired reference feedforward control has the
following form

v = ZyeH wayS,fef Wo Z yu ref (7)

which only depends on the actual reference components of the respective harmonic order v € H.
Combining all four steps gives the overall control system (as introduced above):

apB
( “]'m] Reference feedforward
Uy ret

i Nonlinear system
I/O linearisation
fi(x) G ()

~Gy(@) (fi(@) +di(0) |, diw = (h(z)) N [0<,L7,,L>X,,J”+ (Z;Eg) .

>ven VJy(;./ch

PIRy; controller +Ci(x) v y = h(zx)
yr=*‘f’ Kp(yrpf y)+Kizi
D enfoT, ($1d1)|

i

H o Frequency-adaptive pole placement for parallelized proportional, integral and resonant control systems
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Implementation and simulative validation

lllustrative examples — Example 1: H, :={3;5} with h; =2 and m, =8.

Considered simple dynamical system (pure integrator; e.g., after I/O linearization):

(o3

iy _da (¥
dtd — dt
Y
Eigenvalue Selection Guideline 1:
* * * * * * *
Pole-zero map Y v v 9
1
= 0
o
4
F a 05 ‘“VK.
—~ 9 o -0.2
3 )
5 il 0 25 50 25 5
a0 ] 8 o B 3
» Yot Y Yoot =Y/
z 8
-;5072 o 02 !
E,
= u 0.1
" 0.5
-] ° 0
0
-4 -3 -2 -1 0 2.5 5 0 2.5 5
Real part ¢ / 4 time t /s time ¢ / s

o

|
LMRES

- Legend: place [

)= ()

Eigenvalue Selection Guideline 2:

* v; * * * 1
1—(D%) 1-(D")
R Pole-zero map . Yor = y* Yo = y?
4 o 1 {\N !)\/“/\___
ER 0.5 0.2
3 -
= 0 0.4
g . = 0 25 3 25 5
: 8 o e ol
g °a s Yoot 7 Y - Yot Y
5-2 ]
&0
g 0.1 1
4 ° 0 0.5
0
5 25 0 25 500 2.5 5
Real part o / =4 time ¢ /s time t /s

] and FAPP [—]: poles [x], zeros [o]

Frequency-adaptive pole placement for parallelized proportional, integral and resonant control systems
Christoph Géttsberger and Christoph M. Hackl
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Implementation and simulative validation

lllustrative examples — Example 2: H, :={2; 3;4; 5

5; 6; 7} with ho =6 and mq, =16.

Considered simple dynamical system (pure integrator; e.g., after I/O linearization):

Eigenvalue Selection Guideline 1:

q ya B . ua
#(7) == ()

Eigenvalue Selection Guideline 2:

* * * * * * *
. = . = L= — :i: Vs * V * * 1
U] @ /\w] 7 = A] « J J 0']—7/\&) Vj :>>\J—71/] i 2:‘:‘]
V1-(D*)’ 1-(D")
. Pole-zero map Yreg = Y yer = y°
= o 15 0.2 o Pole-zero map s Yreg = Y s Yoot Y
6 a o 1 °
_ g ° 0 p 1[\\’—
o e o 0.5 . = ° o
- -0.2 E= 5 B -
32 | o ) 02 = o 05
£ = ° 0 25 500 25 3
A ] & 8 0 0 ; § - [ -0.5
o s Sy Yoo — Y Yoot = ' g o BRY 0 25 50 25 5
& 05 L5 a0 5 .
£ B ° | z o uB Yt ¥ Vs > Y’
&P ] g I 15
g4 B 1 1 g ° 0.2
= = ° 0 & ° e
5 g 5 ]
6 B ° 0.5 = ° 0
n o 05 ’ & 0.5
-4 -3 -2 -1 0 0 25 5 0 25 5 o o 0.2 N
Real part ¢ / 4 time t /s time ¢ / s s 5 2 00 25 5 % 25 5
Real part o / 4 time t /s time ¢ / s
- Legend: place [—] and FAPP [—]: poles [x], zeros [o]
H o Frequency-adaptive pole placement for parallelized proportional, integral and resonant control systems
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Implementation and simulative validation

lllustrative examples — Example 3: H :={£2; £3; +4; 5; —6; £7; £8; £9; +10; 11; —12; 13} with h3 =20 and m3 =44

Considered simple dynamical system (pure integrator; e.g., after I/O linearization):

ya ua
d,, _ d _ —
dty_‘“(zﬁ) T <uﬁ>

Eigenvalue Selection Guideline 1: Elgenvalue Selection Guideline 2: (p1ace” fails))
* * * * * * *
. = . = . L= — . * * * 1
o = Aw; =v; = A o £ gy; o'jzi/\w =v; :>>\j:71/j( _ 2:&])
V1-(D*)? 1-(D¥)
. Pole-zero map Yo >y Yo =y’
L5 0.04 ,
RS | Pole-zero map Yreg = Y Yor = o7
2 AN 00 0 ot L5 0.01
10 2 v .
EE 2 0 20 !
L 0 ’
L & : .. * '
3 © 0.02 T omg ® 05
] oo % 25 50 25 5 3 10 L - = o 0.01
0 € = = :
= oo Yot = Y Yyor = Y g L] % 25 5 0 25 5
£ oo 1. & 0 8 3 5
E © 0.02 o = Yret = Y Yt Y
5 @ H] ® ® 15
S ® 1A/\-~——— 2 " ® 0.01
£ Y 0 5-10 g0 ® ®
= ™ % m ® 1
-10 ® . o g
5 0.02 5 El o )
20 -
s ® 0.04 . 03
4 3 2 -1 0 0 25 5 0 25 5
Real part o / 24 time ¢ /5 time ¢ /s s a0 s 0w 25 0 % 25 500 25 5
Real part o / 4 time ¢ /s time ¢ /s
- Legend: place [—] and FAPP [—]: poles [x], zeros [o]
H \d Frequency-adaptive pole placement for parallelized proportional, integral and resonant control systems
M| MRES Christoph Géttsberger and Christoph M. Hackl 15/38



Implementation and simulative validation

Multi-harmonic current control of nonlinear IPMSM — machine model

Nonlinear machine dynamics

d ;dg _ qu —1 dg _ pdg.dg dq
S
%tzs (1 S ) (us Rs 25 npme'w )
GWm = o (Mm —m), (8)
%Q/)m = Wnp-

with nonlinear flux linkage maps

SRR
IR RER RS
R
SRR L LU MR,
SRR
“\\\\\\\\\\\\\\
R
T
AT
TR
S W

s
%

v/ Vs

@A 0y A B0
/ c i /A e/ 2 A
H - Frequency-adaptive pole 1t for p proportional, integral and resonant control systems
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Implementation and simulative validation

Multi-harmonic current control of nonlinear IPMSM

Controller specifications / tuning:

= Desired harmonics H;p,em :={1; 3} = number of harmonics h;,msm =2 and states m;p,mgm =8;
= Pole placement with (unscaled) desired poles o}, w} as in figure below (see [O])

= Varying speeds = frequency adaptation a.,,nywy g (Bm + %) with o, = 1 and 3, = 0.05

o

|
LMRES

d

Pole-zero map ig{rel- — ig is,rel' — il
4 - T 1.5 0.05
o
3+ = 1 1 r\
0
ERE 0.5
- °
31 Xo
= 0 . .0.05
b=} 0 25 5 75 10 0 25 5 75 10
2 = q . o )
> Zs.,ref — s Zs.,ref - Zg
5 0.05 L5
g -1 B9
g -2¢ ]
= 0 (_
-3t i 0.5
o
-4 -0.05 0
-10 -7.5 5 -2.5 0 25 5 75 10 0 25 5 75 10

Real part o / % time ¢ / s

Frequency-adaptive pole placement for parallelized proportional, integral and resonant control systems
Christoph Géttsberger and Christoph M. Hackl

time t / s

17/38



Implementation and simulative-
Multi-harmonic current control of nonlinear IPMSM
High-fidelity simulation results: < wl, ‘ ‘ ‘ ‘ ‘ ‘ ]
Three different controller TP L& Y Wvﬂvnvnvm HWVAVA b
implementations to compare ‘ “10 | ”W |
multi-harmonic current control , \ \ \ \ \ \ \ \
performace for nonlinear IPMSM: 2 - ‘ ‘ ‘
(C1) PIRy controller without reference i —20 |
feedforward control and without —40
frequency adaption (w/o RFF & w/o ] ]
< 10
FA) [—1; S
(C2) PIRy controller without reference L0 -
feedforward control but with frequency oo ‘ ‘ ‘ ]
adaption (w/o RFF & w/ FA) [—] and _
(C3) PIRy controller with reference -
feedforward control and with =
frequency adaption (w/ RFF & w/ FA) 100 : : : : : : ‘
[_] E- 200
o0
i;—ZOU
T} I 0 0.65 011 0.‘15 0‘.2 O.‘25 0.3 0.35 0.4 0.45
Frequency-adaptive pole placement for parallelized proportional, integral and resonant control systems time t /s

o
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Conclusion

To take home
= Novel and generic frequency-adaptive pole placement (FAPP) algorithm (beats placel)

= Applicable for for parallelized proportional, integral and resonant (PIR) control systems has been
presented. Additionally, a simple conditional-integration based anti-windup strategy

= Effective reference feedforward control
Future work
= descrete-time and real-time implementation;
= experimental validation in the laboratory;
= sensitivity and robustness analysis / consideration of parameter/model uncertainties; and
= avoidance of the need of matrix inversion (to avoid risk of numerical instability).

H ) Frequency-adaptive pole placement for parallelized proportional, integral and resonant control systems
i 0 istoph M. Hackl
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