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Introduction

Where is Newcastle?

THE UNIVERSITY OF

150 km North of Sydney (1.5 hour by car or 3 hours by train)@[ﬂ&‘:{ﬁ;‘“LE
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Introduction

How does Newcastle look like?

Newcastle, Nobbys Head, bird eye view @NE‘:{&ASTLE
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Introduction

What is special about University of Newcastle

AUSTRALIA

The main campus is on a bushland

G. Mirzaeva Centre for Power Electronics Annual Conference, 4 July 20



Introduction

What is special about University of Newcastle

NeW Space building in Newcastle CBD @NE‘K&ASTLE
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Introduction

What is special about University of Newcastle
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General formulation q q
Control in Power Electronics

Proposed control design framework

Outline

@ General formulation
@ Control in Power Electronics

THE UNIVERSITY OF
NEWCASTLE
AUSTRALIA
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General formulation

Control in Power Electronics
Proposed control design framework

Classical Feedback Control system

Error _
Detector A(:Stiuarl'nt;Tg
3 Output
Controller Plant >
Feedback <
Elements
Feedback
Signal
Feedback Control system
Qi

G. Mirzaeva Centre for Power Electronics Annual Conference, 4 July 20



General formulation

Control in Power Electronics
Proposed control design framework

Classical Feedback Control system (digital)

Error _
Detector ACS’CiU?.'t;rIWg
2 Output
Controller| ZOH Plant >
ADC
Feedback ‘ ]
Elements
Feedback
Signal

Feedback Control system (hybrid)
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General formulation q q
Control in Power Electronics

Proposed control design framework

Some history of Digital Control

1928 - The Sampling Theorem (Nyquist - Shannon)

1940s - Difference equations; Numeric solutions

1947 - Z-transform (Hurewicz - Tsypkin)

1950 - State space approach (Lefschetz, Pontryagin)

1960 - Optimal and Stochastic control (control formulated as
optimisation problem, LQ problem reduces to Riccatti equation -
Kalman)

1960 -1970 - Algebraic System theory, reestablishing polynomial
methods (Kalman, Kucera, etc)

1970s - System Identification

1980s - Adaptive Control

1980s - 2000s Model Predictive Control in process control:
optimisation over receding rather than fixed horizon (as in LQ%NE&?&Z?{L‘E
theory: nonlinear MPC, robust MPC,... Ny wm
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General formulation q q
Control in Power Electronics

Proposed control design framework

Challenges in Control for PE

o Limited time (-~ 100usec);

e Limited computational power in real-time processing (clock
frequency growth saturated, mostly parallel processing);

e Faster switching devices (v~ 10usec, -« lusec);

@ “Special tricks”: cascaded control; frame transformations; axes
decoupling, etc;

@ In most cases Pl control is used.

THE UNIVERSITY OF
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General formulation

Control in Power Electronics
Proposed control design framework

Challenges in Control for PE

Qi
Comfy, practical but style problem
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General formulation

Control in Power Electronics
Proposed control design framework

Challenges in Control for PE

Qi
Shiny, unpractical and fashion expiry problem
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General formulation

Control in Power Electronics
Proposed control design framework

Challenges in Control for PE

Elegant, timeless, reasonably practical
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General formulation

Control in Power Electronics
Proposed control design framework

Challenges in Control for PE

THE UNIVERSITY OF
NEWCASTLE
AUSTRALIA

Elegant, timeless, practical, professional
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General formulation q q
Control in Power Electronics

Proposed control design framework

Linear system with Gaussian noise and periodic disturbance

Practically every Power Electronics application can be described by
a model, in state space form:

Xk+1 = Aoxk + Bouk + ng (1)
dit+1 = Agdi + o (2)
Yk = Coxi + Cydy + Vi (3)

where x, u and y are state, input and output vectors, respectively;
n, ® and v are Gaussian white noise sequences;

d is periodic disturbance;

Ao, Ay, Co, Cq and B, are matrices of appropriate dimensions.

THE UNIVERSITY OF
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General formulation q q
Control in Power Electronics

Proposed control design framework

Steady State Kalman Filter

The corresponding steady state Kalman filter takes the form:
Rk1 = AoRk + Buk + Jo (Yk — Coxk — Cdak) (4)
i1 = Agdx + Ja (}/k — Coxi — Cdc,/\k) (5)
Using this filter, the output can be expressed in innovation form:
Yir1 = CoRi+ Cadi + & (6)
where g, is a white noise sequence.
Qi
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General formulation q q
Control in Power Electronics

Proposed control design framework

Steady State Kalman Filter

Control scheme with Kalman Filter as the state observer:

w(t) v(t)
- A 4 =
_ o Ut)=u(kT) Plant (0 Y = y(kT)
R AT BN WP VG &N oy
y=Cx
! Continuous
X X +
o+ k+1 N Xk -
. > T >Q N > c —)C)
+
Control gains ) Kalman filter gains
Xk A +
Ko< : v | Kol < Qi
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General formulation q q
Control in Power Electronics

Proposed control design framework

Steady State Kalman Filter

Polynomial form of the above innovation model:

A(2)D(2)yx = B(2)D(z)ui + C(2)ex (7)
where
B(z) _ -1
AGz) Co(zl —As)  Bo (8)
A(z) =det(zl — A,) (9)
D(z) =det(zl — Aq) (10)
_ zZl — Ao+ JoCy JoCy
C(z) =det 1,C, 2 — Ayt JsCy ] (11)
Note: disturbance dj disappeared in model (7) because D(z) i@ﬁ;;;g;;;;;é

effectively the “nulling operator” for the disturbance.
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General formulation ] q
Control in Power Electronics

Proposed control design framework

Outline

@ General formulation

@ Proposed control design framework
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General formulation ] q
Control in Power Electronics

Proposed control design framework

General approach

@ 1) Start with the above polynomial form:

ADyy = BDuy + Cgy (12)
@ 2) Divide both sides by polynomial C:
AD BD
=y, === 1
crk= ¢ uk + & (13)
o 3) Factor LHS transfer function as: 42 =1— S22, Then:
C—AD BD
Yk = ?Yk"‘TUk"‘gk (14)

LHS = the most recent value of y,. RHS depends only on
previous values of y, and uy, i.e. the lowest power of g
NEWCASTLE

rrrrrrrrrrrrrrr

(C-AD)and BDisz* QN



General formulation ] q
Control in Power Electronics

Proposed control design framework

General approach

4) One-step ahead prediction:

. z(C—-AD) zBD A
k1= 8 Vit = Ukt B (15)

The lowest power of z(C — AD) and zBD is 2°.
5) Factor transfer function % = by — @:

. z(C—AD) by C—zBD

Yk4+1 = Tyk + biuy — C Uy (16)

The lowest power of (b C —zBD) is z~
@ 6) Apply a quadratic cost function:

J=vin —}7k+1]2 (17)

Clearly, cost function (17) will be minimized if yi 1 = y; N »o

G. Mirzaeva Centre for Power Electronics Annual Conference, 4 July 20



General formulation ] q
Control in Power Electronics

Proposed control design framework

General approach

@ 7) The only control value that can be used to minimize the
cost function (17) is by ug, i.e the most recent (new) control
value. We obtain unconstrained optimal control law which

gives J =0 as:
1 (C—zBD/b . z(C—-AD)
@ 8) If u°* is outside the constraint boundary then: uf®" is as

close as possible to uf”* (on the constraint boundary).

THE UNIVERSITY OF
NEWCASTLE
AUSTRALIA
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General formulation ] q
Control in Power Electronics

Proposed control design framework

General approach

Modulator

* Gain — Load
YO T . [ Np| u® [ p®
+ b, + A
/- zBD
Filter| c.4p b,C
z

C

Block diagram of the constrained optimal control

THE UNIVERSITY OF
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General formulation ] q
Control in Power Electronics
Proposed control design framework

General approach

Modulator Load ™

Gain
0 1 + _A u(k) B + &

Filter| c.4pD
e

Transition to the alternative form

THE UNIVERSITY OF
NEWCASTLE
AUSTRALIA

G. Mirzaeva Centre for Power Electronics Annual Conference, 4 July 20




General formulation ] q
Control in Power Electronics

Proposed control design framework

General approach

Modulator

Gain Filter

* J—
y (k) L || _c-4D| + A u(k) B y(k)
+ b, C + \ /| A
- | | VARV
Controller ~BD
| " b,C |
Anti-windup part

Alternative form of the constrained optimal control

THE UNIVERSITY OF
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VSI, RL load, rotating frame (dq)
VSI, RL load, stationary frame (af3)
VSI, non-linear (saturated) load model
Practical challenges

Worked examples

Outline

© Worked examples
@ VSI, RL load, rotating frame (dq)
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VSI, RL load, rotating frame (dq)
VSI, RL load, stationary frame (af3)
VSI, non-linear (saturated) load model
Practical challenges

Worked examples

RL load with constant disturbance

LL) 1{L

SwC SwB SwA

SwC SwB SwA
VSI with RL load

THE UNIVERSITY OF
NEWCASTLE
AUSTRALIA
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VSI, RL load, rotating frame (dq)
VSI, RL load, stationary frame (af3)
VSI, non-linear (saturated) load model
Practical challenges

Worked examples

RL load with constant disturbance

e Typical RL plant model (motor, coupling inductor, etc.):

+%u(k—1) (1—e—¥) (19)

_AR
L

i(k)=i(k—1)e
o Equivalent to:

(1—a1z71)i(2) = brz tu(z) (20)

AR

where a; = e and by = % (1— e L
@ 1) Polynomial form of ss Kalman Filter:
(1 — alz_l) (1 — 2_1) I = blz_1 (1 — z_l) uk + (1 — clz_l) &k
(21)
@ 2) Divide both sides by polynomial C:
1-(1 —1 -2 bz—l 1_2—1 YYYYYYYYYYYYYYY
( +31)Z 71+312 i = 1 ( = ) U+ €1 235\3{&ASTLE
1-— Gz 1-— az
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VSI, RL load, rotating frame (dq)
VSI, RL load, stationary frame (af3)
VSI, non-linear (saturated) load model
Practical challenges

Worked examples

RL load with constant disturbance

4) One-step ahead prediction:
(1-c+a)—az’t, bi(1-z1
I +

k1= 24
ket l—clz—l 1—C12_1 tk ( )
e 5) Factor transfer function Z22:
N l—c+a)—ajz ', biz Y (1—¢
1= ( 1_C1)z_1 lk+b1Uk—1_£12_1)Uk (25)

@ 6) All the above is done for d- and g- currents separately. Now
apply a quadratic cost function (tracking error squared):

a 2 ~ 2
J= let1,d — ’k+1,d:| + [Ik+17q — /k+1,q:| (26)
Clearly, cost function (26) will be minimized if
@NEWCASTLE
Ik+1,dg = ’k+1 dg-

G. Mirzaeva Centre for Power Electronics Annual Conference, 4 July 20



VSI, RL load, rotating frame (dq)
VSI, RL load, stationary frame (af3)
VSI, non-linear (saturated) load model
Practical challenges

Worked examples

RL load with constant disturbance

@ 7) The unconstrained optimal control law which gives J =0 is:

4OPt :Z_l(l—cl)ukd +i * _(1—C1+31)—312_1I.kd
k.dq 1-— C1271 ad b1 k+1dq 1-— Clzf1 ad
(27)
@ 8) If u®* is outside the constraint boundary then: ug®" is as
close as possible to u”".
As a special case, when ¢; = a; then
-1
opt % (1 — al) 1 o .
u’, = ————Slp g+ —1{i —1 28
k,dq 1—a;z 1 k,dq by { k+1,dq k,dq} ( )

is easily recognizable as the classical Pl controller in anti—windl&mW.;.W
.F NEWCASTLE
orm.

AUSTRALIA
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VSI, RL load, rotating frame (dq)
VSI, RL load, stationary frame (af3)
VSI, non-linear (saturated) load model
Practical challenges

Worked examples

RL load with constant disturbance

Anti-windup PI controller

[T\ | P (v ||

‘ VSI

z1(1-e")

z e )
A7
1-e"!

(a) Anti-windup form

va(k)| PWM (k)

VSI Load

_ (Q;:ew&;;;'ﬁe
(b) Conventional form
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VSI, RL load, rotating frame (dq)
VSI, RL load, stationary frame (af3)
VSI, non-linear (saturated) load model
Practical challenges

Worked examples

RL load with constant disturbance

Results:
@ For a linear first order plant with constant disturbance

@ One of the possible optimal controllers (for one set of Kalman
Filter gains) is Pl with

. : _AR
e time constant matching that of the plant: a; =e~ T ;

e optimal gain K, = Fll =R,
l-e L[

@ Such a PI controller is, therefore, implicitly Kalman
Observer-based Linear Quadratic Regulator and Horizon 1

THE UNIVERSITY OF
NEWCASTLE
AUSTRALIA
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VSI, RL load, rotating frame (dq)
VSI, RL load, stationary frame (af3)
VSI, non-linear (saturated) load model
Practical challenges

Worked examples

Then it is ok

©Press Association THE UNIVERSITY OF
NEWCASTLE
AUSTRALTA

It is not being lazy, it's a fashion statement!
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VSI, RL load, rotating frame (dq)
VSI, RL load, stationary frame (af)
VSI, non-linear (saturated) load model
Practical challenges

Worked examples

Outline

© Worked examples

@ VSI, RL load, stationary frame (af3)
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VSI, RL load, rotating frame (dq)
VSI, RL load, stationary frame (af)
VSI, non-linear (saturated) load model
Practical challenges

Worked examples

RL load with sinusoidal disturbance

Repeating the same procedure using sinusoidal disturbance model
(nulling operator). Result: the optimal controller is PR.

Anti-windup PR controller

.*k *k PWM
el @ ) PV K)o

L)

(A/t) 1z
1-[2fcos(@u)-(Ae) ]2+ [F-(A/c) ]2

(a) Anti-windup form

PR controller

i ) PWM Ly
@ ) P E) | g

1-2fcos(w )z +f727 NEWCASTLE
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VSI, RL load, rotating frame (dq)
VSI, RL load, stationary frame (af)
VSI, non-linear (saturated) load model
Practical challenges

Worked examples

Linear (transport) delay problem

@ Transport delay is associated with implementation of the
chosen voltage or voltage pattern:
e cycle 1: current measured, calculations are performed;
e cycle 2: voltage applied;
@ Reduces bandwidth of current controllers.
@ Within the presented approach, simply, instead of using the
model:
(1—a1z7Y)i(2) = b1z tu(z) (29)
@ We use the model:
(1—a12)i(z) = b1z %u(2) (30)

@ This automatically results in the control schemes accounting
for transport delay. They are no longer standard controlle@mwwm-w
NEY(EAASTLE
(P1, PR) and they outperform standard controllers.
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Worked examples

Experimental results

VSI, RL load, rotating frame (dq)
VSI, RL load, stationary frame (af8)
VSI, non-linear (saturated) load model
Practical challenges

Agilent Technologies
2.00A/ . 2.00A/ l 500/

Trigger Mode and Coupling Menu

+d Mode
Normal

WED MAY 27 14:46:31 2015
10008 50005/ Stop £ [ 473A

60ns

] Cogpclmn ] Noiszei J HFFjJect J Holdoff ]

Conventional PR controller

G. Mirzaeva
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Worked examples

Experimental results

VSI, RL load, rotating frame (dq)
VSI, RL load, stationary frame (af8)
VSI, non-linear (saturated) load model
Practical challenges

Agilent Technologies
2.00A/ . 2.00A/ l 500/

Trigger Mode and Coupling Menu

+d Mode
Normal

WED MAY 27 14:40:18 2015
10008 50005/ Stop £ [ 473A

60ns

] Cogpclmn ] Noiszei J HFFjJect J Holdoff ]

Optimal PR controller

G. Mirzaeva
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NEWCASTLE
AUSTRALIA

Centre for Power Electronics Annual Conference, 4 July 20




VSI, RL load, rotating frame (dq)
VSI, RL load, stationary frame (af3)
VSI, non-linear (saturated) load model
Practical challenges

Worked examples

Outline

© Worked examples

@ VSI, non-linear (saturated) load model
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VSI, RL load, rotating frame (dq)
VSI, RL load, stationary frame (af3)
VSI, non-linear (saturated) load model
Practical challenges

Worked examples

RL load with N sine disturbances

@ Loads in PE are not necessarily linear;
@ Example: core saturation in inductors, electric motors, etc.

N 7z | |
L B L S S P
7 [1
~ 05 % / - 051 |
z \ / z
] \ / g | |
g ° g Ot f
» \ / ot | |
3 \ / 3
o5 \ ! Loost | |
N WA — — et SR N R —
\ 7/ =
» N LU |
0 0005 001 0015  0.02 E 05 0 05 1
Time, s Current, A
0 o i
Q5 | |
3
4 10 0.005 ||
S | |
S -15 o
E g oot ! |
£ 20 [ | |
g 0015 I
=T L | i
35 | AN 002 ! ! THE UNIvERSITY OF
0 10 20 30 40 - 05 0 05 1 NEWCASTLE
Harmonic number Current, A AUSTRALIA
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VSI, RL load, rotating frame (dq)
VSI, RL load, stationary frame (af3)
VSI, non-linear (saturated) load model
Practical challenges

Worked examples

RL load with N sine disturbances

@ The way to address this is to include disturbance at multiple
frequencies in the disturbance model

Output disturbance sensitivity Sn(z) % 0 WTHD(V) =1.941 %
10! I8
s
g
(—g -20
0 [0}
10/ 2w
_ 2
8 107 £ -60
re a3 0 1000 2000 3000 4000 5000
é THD(l) =0.03937 %
107 Q 0
= 20
s
103 g -40
3 \m Aot wmmm;wmwr WWW‘WWJ&
® -60
£
10 ~ 80
500 1000 1500 2000 2500 3000 3500 4000 4500 5000 0 1000 2000 3000 4000 5000
Frequency (Hz) Frequency (Hz)
(a) Noise sensitivity (b) Resulting spectrum
NEWCASTLE
AUSTRALA

Rejection of multiple harmonics
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VSI, RL load, rotating frame (dq)
VSI, RL load, stationary frame (af3)
VSI, non-linear (saturated) load model
Practical challenges

Worked examples

Outline

© Worked examples

@ Practical challenges
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VSI, RL load, rotating frame (dq)
VSI, RL load, stationary frame (af3)
VSI, non-linear (saturated) load model
Practical challenges

Worked examples

Kalman Filter gains

There are practical challenges in selecting appropriate Kalman Filter
gains:

C(z) =det

J4Co zl —Ag+ JqgCy

This is due to uncertainties regarding statistical properties of the
noises.
Consequently, the optimal controller becomes dependant on a large
number of parameters, which cannot be accurately known.
Qi
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VSI, RL load, rotating frame (dq)
VSI, RL load, stationary frame (af3)
VSI, non-linear (saturated) load model
Practical challenges

Worked examples

Kalman Filter gains

A “shortcut” in the Kalman Filter gains design is proposed:

Pole-Zero Map Pole-Zero Map
s s
P G 04mT P 04RT
, - > ) . o
o8 07T Ao LEIAN
02
e fisan 0f oa
/ /S 05 -]
o4t / A&/ o \
/ / 07
foomT fo.9mT 08 uu!‘\k"
e 02 2 o2ff Y
i ] 09 \
z z )
§F o LmT Fo LT
H 1T 5 1T
£ E | T
\o.gmT 0.9nT uuﬂp‘
04\ 04 y
\. \. o
\o.8xT \o.8xT 0201/
Y N 04 \ %
o8 o8l N 0381~
06T .. g
~ T osuT
05 8 06 04 02 __ 0 406 08
Real Axis

THE UNIVERSITY OF

NEWCASTLE

AUSTRALIA

(a) For errors at single frequency  (b) For errors at multiple freque&*s

Pole-zero map of the noise sensitivity function
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VSI, RL load, rotating frame (dq)
VSI, RL load, stationary frame (af3)
VSI, non-linear (saturated) load model
Practical challenges

Worked examples

Dealing with numeric errors

Two main strategies are proposed:
e Off-line conversion of high order filters into parallel form (2nd
order sections):
bOl‘f‘bllz_1 bon-l-blnz_l
y(z) =x(2) — —+.. — —
14+ a11z7+an1z 14+ a1pz7t +as,z

@ Instead of shift-implementation, use delta-implementation:
y(k) =10.999372y(k — 1)+ 0.000628x(k — 1) (32)

y(k) =y(k—1)+0.000628[x(k—1)—y(k—1)]  (33)

@ As a result, up to 8 different frequencies (filter order 16) &, oo
successfully rejected in practice (processor TMS320F28332)) ™"

G. Mirzaeva Centre for Power Electronics Annual Conference, 4 July 20



VSI, RL load, rotating frame (dq)
VSI, RL load, stationary frame (af3)
VSI, non-linear (saturated) load model
Practical challenges

Worked examples

Additional objectives

@ The proposed control design is based on using quadratic cost
function (= tracking error).

@ It can be desirable that additional objectives are addresed,
such as:

e reduction of switching losses;
e capacitor voltage balancing for NPC inverters, etc.

@ There are two ways in which this can be included:

o express the extra objectives in terms of quadratic error;
e achieve the extra objectives at the modulator level.

THE UNIVERSITY OF
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AUSTRALIA
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VSI, RL load, rotating frame (dq)
VSI, RL load, stationary frame (af3)
VSI, non-linear (saturated) load model
Practical challenges

Worked examples

Additional objectives

This is how switching can be penalised for. The cost function
calculation is “deceived” by making vertices associated with more
switching appear further away.

0.5

-1

.
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VSI, RL load, rotating frame (dq)
VSI, RL load, stationary frame (af3)
VSI, non-linear (saturated) load model
Practical challenges

Worked examples

Additional objectives

Extra objectives can be achieved at the modulator level

Modulator has not been mentioned so far;

Its action is described in step 8: “If u°Pt is outside the
constraint boundary then: uf®" is as close as possible to uzpt
(on the constraint boundary)"”;

@ No limitations were imposed on the modulator, meaning:

e constraint region can be convex (PWM);
e or non convex (discrete values, as with FS-MPC);

Independently from the Control, modulator can be designed
to:
o operate at a given switching frequency (3 x control for PWM);
e turn one switch at a time (PWM);
e balance capacitor voltages for NPC inverter (using redundﬁmwmw
NEWCASTLE
states).

AUSTRALIA
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CSI with inductive load + capacitor

Other topologies Matrix converter: output VSI + input CSI

Outline

@ Other topologies
@ CSI with inductive load + capacitor
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CSI with inductive load + capacitor
Other topologies Matrix converter: output VSI + input CSI

When to use longer horizon?

@ So far, prediction horizon 1 has been used.

o Linear 1st order plant has only a 1-step memory. If at every
step the output is driven in optimal way, the overall optimal
tracking is achieved. Horizon 1 = Horizon N.

@ When to use horizon 27

o 2nd order (resonant) plant has a 2-step memory. Using horizon

1 will result in intersample oscillations:

Chart Title

g

e Immmmmmm

o 2nd order plant needs horizon 2: predict 2-steps ahead; dg#& .uerror
* “ " NEWCASTLE
Yk+2 to y;,, and “speed” at the end of step 2 - to zero.

AUSTRALIA
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CSI with inductive load + capacitor

Other topologies Matrix converter: output VSI + input CSI

CSI with inductive load + capacitor
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CSI with inductive load + capacitor

Other topologies Matrix converter: output VSI + input CSI

Outline

@ Other topologies

@ Matrix converter: output VSI + input CSI
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CSI with inductive load + capacitor
Matrix converter: output VSI + input CSI

Other topologies

Matrix converter: output VSI + input CSI

y
3

Ly, R,

A
B
praan mi N r-
AC Input J_

AUSTRALIA

Matrix Converter @ o

G. Mirzaeva Centre for Power Electronics Annual Conference, 4 July 20




Conclusions

Conclusions

@ The presented control design approach is based on:
o Linear Steady State Kalman Filter (in polynomial form);
o Internal Model Principle (to reject a disturbance, its model has
to be included in the observer);
e Predictive Control with receding horizon.
@ It automatically generates unconstrained optimal control law,
for the given load and disturbance, in anti-windup form.
e Constraint is determined by a modulator. Any modulator can
be used: PWM (convex) or FCS (non-convex).
@ There is a limitation associated with quadratic cost function,
which, however, can be overcome.
@ Optimal control can be developed for any practical power
electronic application (with appropriate plant and disturbagee . . .
models). 6”‘5'?{9“&
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Conclusions

Thank youl!

@ Prediction horizon should match the order of the plant.
@ The proposed control design is elegant, suitably sophisticated
but easy to implement within < 100usec control cycle.

Thank you for listening]!

Hopefully, some useful tips were given today about:
e Control of Power Electronics
@ Shoe styles

<=
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