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What is Control?

e Control engineering is a discipline that applies automatic control theory to
design systems with desired behaviors in control environment

o How to control the inputs u(¢) to the process automatically

to make the output y(¢) track the given reference r(t)?

o How to exploit the gmeasurements of y(¢) to track the reference r(t)

in spite of disturbances d(t) acting on the process?
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What is Control?

Example:

= Automatic Cruise Control (ACC) is a cruise control system that automatically
adjust the speed of the vehicle to maintain a safe distance from cars ahead

Electronic Control Unit vehicle

road slope i —
engine torque/brake -

desired speed

—

measurements

A. Bemporad, Lectures on automatic control, 2011 4



Applications of Control Theory

= Control systems can be used in many apphcatlons
ranging from: -

=== Conventional contrel| -
— Virtual inertia contrel
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 Automotive

* Robotics

* Aeronautics & aerospace

* Power systems

* Power electronics




Example: Power Electronics

e Consider a dc/ac inverter connecting a PV plant to the grid
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Control System Components

e A typical feedback control system can be summarized as follows:
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Classical vs Modern Control Systems

e Frequency (Laplace) domain analysis of feedback systems falls under classical control

e Time domain, in particular state space techniques, are generally known as modern
control systems
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Dynamic Models of Electric Circuits

e The behavior of electrical circuits can be modeled by
physical laws

e Assume the buck converter turns on at ¢t = 0 with
duty cycle d = 0.5 (tdo)=0 , Velo) =o)

e [t takes about 100 ms for the current/voltage to set- V‘kc
tle —» Yeadh g’thx stedre
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— How can we improve the transient response?
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Open Loop vs Closed Loop Performance

e Compare the performance of the converter when operating as open L 5mH
loop and closed loop control N A C 1mF
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Solving an ODE

A - GQMCLU»‘\‘ lﬁ-ﬂeuﬂ

e Consider a second order LTI ODE: az‘ng — _a_li—f +apx =0 £. ndep.
Lineae \ine bvaden®™S
e [f we wanted to solve this equation for x(t), what else is needed?
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e While we will look at the general solution of a system of LTT ODE, this will not be
the main focus of this course

e We will try to change the behavior of the system without obtaining a
solution

12



State Space Representation of ODEs

e Any n'" order LTI/LTV ODE can be transformed into a system of n first order

equations __’,(\“‘"‘ordw OAE = G XMW + 4 a4 o) = b - x b %
e This will be known as the state space system
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Linear Time Invariant (LTI) State Space System

e Any n'"" order LTI/LTV ODE can be transformed into a system of n first order

equations
= f(x, u, t), where z e R", ue R™, te R
x(0) = zq
e If the system of equations is Linear Time Invariant, the state space system is as
follows: E}_,\x‘“‘u\ «x G e = bace *‘OM’“‘M] n*l"o“!g( oNE
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14



System of First Order ODE - State Space Form

e Example: convert this second order ODE into a system of first order ODEs
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State Space Representation of Dynamic Systems

e State space representation: A mathematical model of a dynamical system as a set of
input, output, and state variables related by first order differential equations

e Example of a rotating shaft (e.g. in a generator)

Not in state space form

Generator frequency equation
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Dynamic Model Example 1 (Time domain)

OVE N A
e Place an RLC circuit in state space form: — YL AAA—e
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Solution to a Linear System — General Form

e A LTI state space system of the form:

& = Az + Bu, x(0) =29 where z € R", v € R™

has a solution of the form: \““”06“"@5 pochwler sdon OM*‘M [_e/ S i%u&\_&
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T :eAt.’L' eA(if—'.") w(T)dr ol L)\\oh

(t) = 2 (0) + /0 Bumydr (Mgl Sk
\—/\a

Trms fx(t\ Sp}ﬂs%‘as ’XG\ k"* %1&

ch\ Mol 4 Sg Al T\Q'utﬂ v )

/A{ d\fv\l@w w\e/)
M () N @i i:;“\
gl Soves-

e where et = 5777 E(At)k is known as the matrix exponential
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18



Stability of Linear Systems

e Consider a linear state space system of the form & = Az + Bu, z(0) = xq

—_—

e Is it possible to know the following without obtaining an explicit solution to

the ODE, xz(¢)?

— If the input u =0 and\:_c/% will the states decay to zero, x(t) — 07

- A g eLL%;‘}:cg—“& ﬁ\;h\‘?"" — ‘%M Bl
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Block Diagram and Numerical Solution

e A linear time invariant state space system of the form:

& = Az + Bu, x(0)= xg, where x € R", u € R™
- @ - —_—
can be represented as a signal flow diagram of the form: l
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Block Diagram and Numerical Solution Example

e Derive the state space equations for the circuit shown —
and simulate in Matlab |+ +
[
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e The behavior of the linear system depends on the

eigenvalues of A
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Linear System Stability Definition

e Consider a general state space system:

z = Ax + Bu
y =Cx

e We say that the equilibrium state z. is:

Mgeqel

\3 shcble
] S?able if for each initial condition x(0) ‘close’ to z., the correspond-
ing trajectory x(t) remains near x. for all ¢ > 0
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o
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i Ve  Lani<o

[J Unstable otherwise
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Stability Example

stable,

e Which of the following systems are
numerical solution for the given i

itial condition

asymptotically stable, or unstable? Plot the

System 1 System 2 /%A‘
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Xt ONOo =0

Rein 50 = undble

e Observation: to understand how a linear system will behave we do not always g

compute its solution

Yook 0y (N = eigueries ot B
Q‘O\a\ Y- “SOx IR S, - 50~ ytos '57; =» Q AN 1140

M. steble
eed to

23



Outline
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Nonlinear Dynamical Systems

e A nonlinear system in state space form can be written as follows:

Jﬁx, —'»,%«\ eon Ve nonlineey Wm@ﬁﬁc

jjl — fl(ta L1y "y Tp, U, ", um)
b - T G - —
shekes ropts - = I = f(t7 T, u)
jn — fn(éa Ly, 5 py U, "y ’me)
—_ — I c_________*’_____;

e When the dynamical system is time invariant and autonomous: & = f(x)

e Some differences between linear and nonlinear systems: eﬂ(v\'\thUM gonts -

1
. e
e Local vs global stability (‘\D“Qfm?/‘ 3\-53}@”3 con e 3@“"@'3*‘:"0& sood i;g%ﬁﬁiﬁc’g

e Multiple equilibrium points

e Limit cycles

e Chaos —‘{\mn :
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Linear Oscillator Example

e Linear oscillator circuit: %ft the current source be a resistor!

e | \e 27 _ 1
v = —_— = =
LY __L g R g LC deded by KEL
L ll C=oc (,D p(ve) / CcTeeVe - O
- - IF dve 1. — L (Lyg) RN
dt  C'L T C\RYC 1&-1‘,—_%:0;@9
e For any initial condition, the current and voltage asymptotically decay to 0
asoming, L ¢\ 70 no mekler idy o) M\U‘Z‘(}\“‘”MA'
) T 15 T T T T T T T T 15 T T T T T T T T
= of 10 10+
= 2) Y sl
-4 : ‘ : . 5f .
0 0.005 0.01 0.015 £ 002 a ?_/ 0
¢ | o
5t
Ml 0+
0 0.005 0.01 0.015 £ o0 I 4 s P 4 3 2 4 0 1 2 3 4 s
i (A)

Time (s)
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Nonlinear Oscillator Example

e Nonlinear Oscillator circuit:

Y Monbinaer
din _ Sghem
WL _ 1,
: a  L°
+ 2 e :
. | e v) Ve d'U
L glu C=uvc <¢> @(vc) = (= . d—tc — —%iL _ % (%U% _ R'Uc)
- td-4loc)- Ve Pue —

e For any initial condition, the circuit enters a ‘limit cycle’ (stable limit cycle)

— |
: 1 . : - 1
0.1
— T
R
- 05¢ 1 05¢
0.1
0 0.005 0.01 0.015 0.02 = . = . 1
Jz\o & 5
051
> . 05¢ ] 05¢
-0.5 ‘ : : 1 : ‘ ' 1
0 0.005 0.01 0.015 0.02 -2 Kl 0 1 2 2 A 0 1 2
Time (s) ir (A) ip (A)

/rmi-:mfg S
e These types of oscillators can be used to control dc/ac converters! (Grid
forming inverter)

https://johnson.ece.uw.edu/Papers/Journals/2013 TPEL- (K\)“\“"D‘D \
SynchronizationOfSinglePhaselnvertersWithVirtualOscillatorControl.pdf DSC\'\W"‘S 27



https://johnson.ece.uw.edu/Papers/Journals/2013_TPEL-SynchronizationOfSinglePhaseInvertersWithVirtualOscillatorControl.pdf

Equilibrium Points

e A point x* is said to be an equilibrium point of a dynamic system (& = f(t,x))
if: ¥

. £
ngcm\ 0=f(z*)  ifz(0)=2" = a(t)=2"Vt>0

S

e For nonlinear systems, it is possible to have multlple isolated equilibrium

points (Sjwzlbﬁ skote Qb_s__ong\m\olo
@ (Dd\so\om\ ! K»

=& Ko7 é/ =W t C/i
W x Qﬂ“'l-\ﬁ\cﬁo\a ?
o= Sk - 0.3 Xe o
'. J* %Oc N xe® fut@
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% _powts ¢ o
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6= %ﬂ(x? 34 . - X2 y,
0~ SLLK:‘ | Xf) = 8\‘\(?\0 M I\~etAU¢‘f{"°m , N-Onuenosh

-gah(x*eho = 0,8,
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Linearization

e Consider a general nonlinear system with one input & = f(x,u)
/y‘hagice“tj S\uem I
e Assume that z*, u* is an equilibrium point
<
sdde
e We can study the behavior of the nonlinear system ‘close’ to the equilibrium

point by linearizing the nonlinear equation f(z, u) at =*, u*
L/—--\,___._)

e How can we ‘linearize’ f(x U‘“"* ocdor \ad\m NI oo whon ot o ,b\w)
Cx,u\ = %bﬂ*.fu“\* %S_\(Y*’X‘\ . \ (’\J\-'\M‘) X “u&w Ocdes \erms
? e NoTT
L we '
Q\'ma(
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Linearization

e Consider a general nonlinear system with one input & = f(x,u)
e Assume that z*, u* is an equilibrium point

e We can study the behavior of the nonlinear system ‘close’ to the equilibrium

point by linearizing the nonlinear equation f(z, u) at =*, u* 'Tg’*:ac o-e-o*
e 5\290 = &=3¢

e How can we ‘linearize’ f(xz, u)?

nxn xm
FEE (R RN
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ne w*
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= SIL(X“ x \ N L’%ﬁ %%,%%\ x*
nx w
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Linearization Summary

e Consider a general nonlinear system with one input & = f(x,u)
e Assume that z*, u* is an equilibrium point

e We can study the behavior of the nonlinear system ‘close’ to the equilibrium

point by linearizing the nonlinear equation f(x, u) close z*, u*
- =

e How can we ‘linearize’ f(x, u)?

_of oL Of .
f(wj U) - % T* . u* (:L. — )_|_ a’U; ¥ . u* (u “ )
N —— N——
A A 2B

e Define new coordinates T = — z*, u = u — u*

e Then the behavior of the original nonlinear system close to the equilibrium
point can be modeled by:

i—azypa (0T Sk Spue %BM



Outline

= Overview of Modeling and Control

= State Space Modeling of Circuits

* Nonlinear Systems and Linearization

= Power Electronics State Space Averaging

— =

= Transfer Function Analysis
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Hybrid Systems

e Hybrid systems are a class of dynamical systems that exhibit continuous and
discrete (e.g. switching) dynamic behavior

e Properties associated with hybrid /switching systems:

Phase Plot and Trajectory

e Sliding mode/manifold
- - 2

e Arbitrary vs state dependent switching

e Switching controller design

e Analysis of hybrid systems can be challenging

-1 2 1 if = outside circle
-2 -1 T2

(1 2) (Il) if z inside circle
2 1 4P

o

e Can we simplify the model for power converters? ge,s ( )

Duoes @\E;L( ones.
\'\é\@nt\ 933((2\0:\& _Mi’__b ‘\Bo\r&i\naav S‘m‘qgec\(g_ &&b qum%eé g’LzJLa %q&_

(Sw( c\r\\‘tv:b
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Switching/Hybrid Dynamical Systems

e Power electronics are nonlinear switching dynamical systems (hybrid systems)

e Modeling a power converter, requires knowledge of the switching behavior

- A\)\B QLJ,(Q = QQ{C(?M\'G%Q 0% ’l-“"" ﬁ([/\o‘ g\ \c on evu 2 Swfo\’\m\j ‘Qm‘?\é*’\%ﬁso _4(:

.

e (¢~ odve- e S\ -
- ‘Sl:gi (mee\ew-'&‘:}) — Q.W\D'tleS- (SFOV\. gﬂ"j’j%\ . —-‘ﬁs&

%n,: \

G-t (or)

g\'—: O - S\'-_- (®) (,GS»i) U(V\
| (R se
Sl ’ A, x f%q,’lk S.=o
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State Space Averaging

e In 1976, R. Middlebrook and S. Cuk proposed a modeling method for power
converters

The idea relies on averaging the switching behavior of power converters

gw\‘kc'\'\w\\} %‘%UM‘A t& LUG‘AB &L‘"’L‘AO 2,5 Example: Boost Power Stage with Parasitics

A GENERAL UNIFIED APPROACH TO MODELLING SWITCHING-CONVERTER POWER STAGES fia now illustrata the method for the boost

pms stage shown in Fig. 3.

Re L
OO -
R. D. Middlebrook and Slobodan Cuk ) ¥
l} t" - [ +1 &
California Institute of Technology » 5
Pasadena, California T T _(
1

Fig. 3. Example for the state —space averaged
modelling: boost power stage with para-
sitics included.

ABSTRACT based on equivalent circuit manipulatioms, fVL@ﬂ . 4
resulting in a single equivalent linear circuit e
A method for modelling switching-converter model of the power stage. This has the distinc
power stages is developed, whose starting point advantage of providing the circuit designer wit L Ri
is the unified state-space representation of the physical insight into the behaviour of the PR
L.

e Periodic switching systems can be approximated by an average function:
Sl @/aﬂ—

fi(x, u) ifs=1 - h
folx, u) ifs=0 = &= falz, )
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State Space Averaging - Definitions

e Are power electronics periodic switching systems? f}
e How often do they sw1tch‘? SW1tch1ng frequencyrf”j{T;uJ U\% e T ZR
d=095 { 4
U L
s e i | ﬂ
T s g1, o 3o

{
{

{

_——

e Within a switching cycle, what decides the dynamic function/mode? S. (Rt exfme\e)
Duty cycle?

l(\ow L’"‘j we UL Ga Cﬂ\lwr\ fV\OA{ oLeN \sw S QAQ lda Ao Gﬂdﬁ,

e If each switching cycle, we have two modes, how can we obtain the state
space average model? sye ove s

—> gmf% 3‘5“0%51 J‘—\(’ \WO wodes (/’(?ox Rus %W\e\su)
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Power Electronics State Space Average

e Define the switching period as T, and assume there are two modes (e.g. switch on/off)

e Assume in every 75 mode 1 operates for dT and mode 2 operates for (1 — d)Ts, where
de |0, 1]

e The state space average model is then derived as follows: . ﬁﬁ'

Q\MWKL o A lWlura s - cFo 2R

% S
dseo 5o
3y = ,%;d iw A{: X S (_Aq,x{-,@z’l.k\d;\ gt,/ \E\"-D\:%

S‘: l dTS'O S\‘: ©

\"G \l,\ E m @

X= Atx*%ﬂ’\ ‘;’F' A""K*@w\
s FA (A\X ¢ %‘U\\ r (- d\ U:\?,K & %1%}%

SJ&&& %Qw@ ﬂ"’cf”‘aﬂ delo '\

Cnon Lineev ede s@o\ce\
- 0}/‘0\\% d is slso aw iﬂe\* v - (f}l\. +(\-A\Pu\3 « (8% ¢ (re\)ga) (7

= A\é--X* . e
nonlineer teiwn 37




Power Electronics State Space Average Summary

e Define the switching period as T, and assume there are two modes (e.g. switch

on/off)

e Assume in every Ty mode 1 operates for dTs and mode 2 operates for (1—d)T5,
where d € [0, 1] (duty cycle)

e Assume the modes are modeled by linear LTT systems, i.e.

& = Ajx + Byu (switch is on) and T = Asx + Bou (switch is off)

e Then, the state space average model is given by:

= (dAl + (1 — d)Ag) x + (dBl + (1 — d)Bg) U

= T = f(CU, u, d) (vxonmne’-‘a( S\t&e. ck@?\te)
o =

Caution: the state space average model is generally a nonlinear dynamic
model with new inputs u, d

T a——
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Boost Converter Example

e Derive the state space average model of a boost converter

Dbk Seeee Norone

- $- (A« LeaIM) % » (dB+ 1B Vin
- - >
s : / L
i C = o §R o o 0 -'i‘, O —L‘;—i) l, -—:~_ "C _3':
V (t) Si{} A ( _L\* Ll—(“ (_\_ \ (-4 - : tl o 4 (\-E“ ol = ko\
‘—d—\/——) : t!.-\— 4 U-'d\"f_ - "L
%l: ‘ (ph\ N S'L: D (Oq,?\ MOAQ i_ S;"”O’bng‘ MCAQ ).
l/ e~ © L
© kj _ G ﬁpt Lf—.l i
\lw(?{ ” e ("J “‘“‘@: t Q—”‘i ‘*‘-%& X ch\
—\}W‘_{_L%!’l’:o - %5"-‘;\)‘“ -\J\V\*uﬁ* \]Q,‘;O————' % "ll:\]c.tt—’-\],\
i o . e . . b 1t
lot le=0 —> le- %{" S *f;; :z (L= lerla — o e50= G- 2o — ‘%; PR A
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Boost Converter Example Simulation Results

e Derive the state space average model of a boost converter S, f}

f- (AA + (PR x o (a8 r eV B in Yy cEo  Er

| b o) v s
: ’L:' O --\:(; \ &LL\ k_‘h \
‘x, = \ = ( - » v \] Wy * k‘_ L Q‘m
' (0"’ T w el \o ol S ki (VB Laows) o=

—
A ()
o%}(k g€b~l,k QWC%& W\LAQ\ Coun 0‘\(‘&0 \QC ()“H‘U\ W U\Ov\QA‘meB\/ %Dtuw x %C’)o \]m A) Um-; ?/?O\/
\,t \m'\‘\t
% tL:, = '(;}_L—ZD \)0+ —t\j;n = ‘(x,\!'\md\ \]M . - CL)W\?
I v SR A
\Jé/ - (%)ﬂ.« - %Qh_c,Ut = %@ (‘h\)iv\,ﬂ) Q\DZS),—
%\‘\w\aq \\Q\)@jw&: E}/\mm o&, \OODSJ‘ CDV\WkW and CounCrre- c,o/ %alftkwﬂ k«Locl&
D Ve c.o d=0-5
(v 4 x— %
o Ve - Vin
- Suwi Lu.ﬁ !
o » . = S’co’cqgfme meaaL
! t €
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Boost Converter Example - Linearization

e Derive the state space average model of a boost converter ‘/’;w %(x.u,d\
- \Q‘YCG‘“ Q)\V\Q (VO iy "(\'0"\ Q\‘V\e’lﬂ{& WODV\A 2 (_a.\g*c;;\ @&Q\‘ .D‘u-."\‘
Oblein o Vineay tggorimphion (Limarize) cpacbing puidd ]

=P %{s‘x Le weed j@ S;m ooV oez;cx‘mj eow\\s &o’m\ i CT 'Ut gR

A: a* “im (@: Wen ?\xec\) — c\mc\ 65}0\\\‘0(\0“'\ ffo\"\kS Vin (i) Sl{}

(_u ,\jo o X*

Qo.)* = “t = i—‘ \ if‘ ‘LG’Y’O‘O

o%ww‘aw: ajr DGC(O-Q'fU\:}lfqu;\(\()ﬁOM Eolm'ts 0= %(x*,\\i?\ tzr‘)
/ [

/
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Boost Converter Example - Linearization

e Derive the state space average model of a boost converter — ‘- (“‘\., (-u,\
’ %‘A 'Q\L Qj“&@* a@mﬂmak\-m MO\JU‘& %‘J Cl*l U\'u\* g % ({5‘) /
(]

3145}
R R L e R e T T T
i _
L Y : S ) .
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Outline

= Overview of Modeling and Control
= State Space Modeling of Circuits
- “o&mu\ QD"X"’\
* Nonlinear Systems and Linearization

= Power Electronics State Space Averaging

= Transfer Function Analysis (LQ\QL&TW\S‘}UW\S)
— (losgch Conkso\
P:E, ?lb (X)\\""lbs \ Qﬂol\' locusl \\13(.*0\’5“# A“C{afm \(\gg:\ljﬂ o
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Review of Laplace Transform

e The Laplace Transform L [f(t)] of f(t) is the function defined as follows:

LIF(E)] = F(s) :/ e~*!f(t)dt, ¥s € C for which the integral exists
0
8’{3@ = %R(PU\U\S A")M\\f\ au%g\‘s,

e Find the Laplace Transform for the following functions

o c“ Jg({\ > T() - 15‘?8(4\15 i ’Sﬁffi\z&‘c &M skoat gy o Séj@“"\&ék .
0 0

\

e cos(wt) o = iﬁv@ﬂ - 'é_‘;\ Med o e bine oo un ose
ety - 5=, gl st bt

e sin(wt)

ﬂi Sw\(uk\(l

o ¢ “cos(wt) ——» i%‘éa‘@a&o{‘\\:

Sk
Lse«\at ke

o ¢ “sin(wt) —» 126 &.m(w*\qs m
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Properties of Laplace Transform

e The convolution h(t) = f(t) * g(t) of two signals f(¢) and g(¢) is given by:

/f

e The Laplace Transform of L [h(t )] as defined above has an easier representa-
tion:

L) =LIf(E)xg)] = LI LIg(#)] = F(s)G(s)

-«

’Hw AOW“" X ) e 1. ¢ %
e Convolution in L%E&&Si&pm.ls essentially multiplication! oy Omaed

e The Laplace Transform of a time derivative is £ [dd—(tt)] = sF(s) — f(0)
L .« >

__ F(s)
e The Laplace Transform of an Hlteé___g_f_al_ is L [fo dT] s (s 03

e Q\&&WX @om/k\’)\ MQ(Q/\OAS ((V\ MO\&,%\@;‘. howimj e \mg ogw&‘%o\ ?« ng L/\(U\Q‘“‘(j\(&%‘%d‘r

stjskmms : 45




Analyzing FElectrical Circuits Using Laplace Transform

e The state space equations for the circuit are: (slide 29) y
— Y A ANN—
ir —R -1\ (4, 1 ; i v |e
. = {J L + L Vdc Vdct; O Vo —— C
vC rel 0 Vo 0
e How can we analyze this circuit using Laplace Transform? CQLQ et Qfdotée,r S}P‘;um)
'%V\@Sa O‘QO'\ - bnﬂ\ (W\Qﬂ&)v( one Sk‘a'tef\
KoL &“A@ X Lc\“’ ¢ R0 A —\u,ci'c = O,X-» i) + sl - Lia 2 RLG6) 4 & 1) —o
'-——-v—“—"_’
) 1 MS

Taspeeden

&\ me W) =0 = E\)Ag(s\ ¢ e Ty £ Ry« J(; ’L% - o& 3 oo*e"\r 7 /;‘ “eo’r

=3 -s\Ads) ¢ L)+ s T+ 4L lt(s\ =0 Y (s)= u((fﬂ LMS)
S\Me\uj o : T
1) [M& = S'UAC(-S) =P ,L,(a\ \'m \JJ(,(?)} ’L{
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Analyzing FElectrical Circuits Using Laplace Transform

e The state space equations for the circuit are: (slide 29) mme A
. I, E&) . .
P —-R -1 . 1 Vi —/— Vo ——
1L — —- tr, + “ !
v - i 8 * 6 Vdc /D L=1mH
© ¢ ve C=1mF
/"giﬂa\a oo’rgﬁ R=020Q
e Assuming we are interested in finding the current, I(¢), the transfer function

—————

1S NOW:
I(s) 7s

Vae(s) 82+ %s + %

H(s) =
. -\
o If Vac(s ): 1, how can we find i(t)? —— Ty~ Ty~ =5 - @-1 376\
;LI‘L S ?."S\'
g (+) = %U\ \w\Qu\? %-Jmc\'\m - \ﬁu\& ngm\s&
(Sind & ey e, eu\
Og\n‘& Wuhat %Wk—'

(0 - 1976 - L i C = e Mr}f

524 0’5*

ave ’“M; (boi(a o ‘“a, Aw\ouv\w\vs(bv
0 0
i 2 ()08 (n\ ¢ v ! % j‘\i )‘m“i%w j"m .
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Analyzing FElectrical Circuits Using Laplace Transform

e The state space equations for the circuit are: (slide 29) mme 0 /\R/\ A
C Iy
+ +
. —R —1 N 1 —~—2 I — V. — &
w _ [z T [« L (= (0 9\ T °-
() = (2 ) () # (8) we s yen iy
> C=1mF
A R=020Q
e Assuming we are interested in finding the current, I(t), the transfer function
is now: mpolse

I(s) LS e(s)=1 3% mw"(\:“(s
’Eﬁx)w T Vae(s) s+ s+ 1 S ”%' )

e What are the poles of H (s

- %o\m %ﬂ ‘\\w{»o\ec %Qom( o% \\ﬂ- (ﬁo\(w\k 0 1(1\»0_ Aowm

?Fb Kg
L({\ g" iﬁt(&\% i i l"?“S*r“ ‘K ﬁvi G- @\(S’@"\
joit o
o Ll 1 R o e g
= ¢ - o 5
imfo\v- (k)= a.ee‘ « e e 0.10:.€ ¢ pe - & fjwf, =1,2
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Laplace Transform of State Space Systems

e Consider the following linear state space system:

} T = Az + Bu xe\P{\ Cs\al‘ea\ . ‘lkeR (‘mgxﬂ

y = Cx h= oxdes DﬁS&E&QM

ﬂae 0y (oo*go‘f\ o easvemen U

e We can also solve for z(t) using Laplace Transforms!

¢ ‘\“‘\ We con ol o\alfo@:jk \F(_L‘él\: “(&) w'mc\' 'Lme\om %fow\ a’m&u spu W\ocl&/\

UCs
(WQ“ l( \\ x= b\“‘*%"\ B \_(_‘:g_\, _ \_\(q (Q\o&s\wA Cov&\*o\)
O i) - R CGIN B (SESO)

¢ %w\& X&t—}\ Yjﬁom S&c&a },@m \i\f\otlo)\ Ix\
’ i 5[&9 Ax *%’1,\% » K6 - @) = Ao «Bus) — M- MG = wo) + BU)

= (5T- ARG\ = x@ BUG)
X(s) = (ﬂ—i\\_\ @ v ($T A B WS) \
Xe) ¢ (1) 8

. ’U«A&\ = Q*&\IS » Ny - CX6) - CETA X6 + (52 & OGs) \% K&=0\
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Analyzing FElectrical Circuits Using Laplace Transform

e The state space equations for the circuit are: (slide 29) L R
+ B \Q m\/—
. _ _1 . 1 I3
i) _ [z T )[ ARY 3\ S 1
(T)C) ( % 0 ) (Uc) - (0) de ;:96 oo\Qo\ (B SO\ Vie =7 Ve—=—¢

= 9

C
e Obtain the transfer function H (s ) I(s)/Vac(s) from the state space model

Ty C,(s”i'bs\h\% - O}( )X‘\ me(ﬁgi\
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Comparison of State Space vs Transfer Function

e Consider the following linear state space system:

= Ax + Bu
y=Cz

e The output in s domain can be obtained as follows:

Y(s)
Ul(s)

_ adj(sf — A
— C (s — A) 1B:CdetESI_A;B

¢ E = “[6\ = umerchos () = 90\25 = ots 0\3 j(\&o\at\ow\iwakof-

ues\ Amovhiv\a!rv\‘ ()
be Ay G -y An
B E—:{)_\ 5% S-€n
° XE_\ e (TN R= C M\_ B
XN el ® det (ST

= Aﬁmom\m\ﬂ(&\ = A@‘\ LBT*P\X. YOU‘W o% c\e’((s‘l’i\\ = e,\ﬂemw\oes ofST\
R&l‘]\ ;QJ»QCQS <% ‘oli = (\samglf@lfw\\} g‘w\ole-

\\
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Summary of Transfer Functions

Consider the following linear state space system:

x = Ax + Bu
y=Cx
. . . \‘(l&\\
The output in s domain can be obtained as follows: —\
Y(S) _C(SI_A)—lB_Ca’dJ(SI_A)B w
U(s) ~ Y det(sl — A) o)

~_ W

In state space, we can use the entire set of states (or multiple outputs) as
well as include multiple inputs: Multiple Input Multiple Output (MIMO)

A transfer function gives information only on a Single Input Single Output
(SISO)

When we design controllers with transfer functions (e.g. PI, PID) , we
only have information on a single output (disadvantage)

\“ %\qow} AOW\O\W\I We Con amanpe “-* Slwk)ll&\y cDj ](\& ) %‘W"\ Uah\\lj \Qofle E\o’\&
o \\)Ldo\oiS\ (NJ(@(G\
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Key Points

e Why is it important to control power electronics?

e To use model based controller design, it is necessary to have a dynamic model of the
converter

e Power electronics are switching (hybrid) dynamic systems

e The dynamic model of power converters can be simplified by using state space av-
erage

e However, many average models of power converters are nonlinear

e Linearization can then be used to simplify the analysis further
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Next Topic

e Contoller design for power electronics using State Space techniques!

— State feedback (u = Kx)
— Integral control (current/voltage tracking)

— Observers*®

e Many more we may not cover (e.g. optimal control/linear quadratic
regulator, model predictive control, feedback linearization, etc.)
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