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State Space Average Model of a Buck Converter

The state space average model of a buck converter
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Assume that we need to control the output side voltage to 270 V

we can simply let d = 0.5 (i§ Vin=540)
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Open Loop vs Closed Loop Performance
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e Compare the performance of the converter when operating as open loop and L
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Analysis of Closed Loop Behavior

e What caused the behavior of the buck converter to improve in closed loop mode?
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State Feedback Problem Formulation

e Consider a LTT state space representation of a dynamical system:

T = Ax + Bu

e Problem statement: Design a controller of the form u = Kz (state feedback) such

that the closed loop system is asymptotically stable
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Controllability Definition

e Consider a LTT state space representation of a dynamical system:
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e Assume the input is given by a state feedback controller u = Kz = [« @ 28 “’x hx\\c:\x:\

Controllability: An LTI system is controllable if for every x(¢) = z*, there exists an input
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Controllability Matrix and Rank

e Consider a LTT state space representation of a dynamical system:
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e Assume the input is given by a state feedback controller u = Kx

Controllability: An LTI system is controllable if and only if the rank of the matrix
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e If a system is controllable, then we can design an input v = Kz such that we can
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Example 1: Controllability and State Feedback

e Consider the following LTI system: 0-2 (Second: oder 5 s\w)
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Example 1: Controllability and State Feedback

e Consider the following LTT system:

(-6 () - 0
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e Design a state feedback matrix K such that the eig(A + BK) = {M}
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Example 1: Controllability and State Feedback

e Consider the following LTI system:
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Example 1: Controllability and State Feedback

e Consider the following LTT system:

(-0 ) () () — wko

e Designed a state feedback matrix K such that the eig(A + BK) = {—10, —20}

e What if we placed the poles further on the left of the complex plane 7
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State Feedback and Reference Tracking

e If we consider an LTI model of the form:

T = Axr + Bu
y=Czr ﬂé Ooi‘eo*& (o] N\Qacsofeﬂr\enjrs-

and design a state feedback controller u = K« such that
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is asymptotically stable, this implies:
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e What if we would like the output y = Cz to track a reference?
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Problem Definition

e Consider an LTI model of the form:

T = Axr + Bu
y=Cx \ée,v\‘

e Problem definition: Given a reference signal r(t), design a controller u(t) such that
y(t) = r(t) ad mave soe  NARK) have ney el padk ic. S%s*em Ay kbl
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Integral Control

Consider an LTI model of the form:

T = Ax + Bu
y=Cx

Problem definition: Given a reference signal r(¢), design a controller u(¢) such that
y(t) — r(t), define the error as e(t) =r(t) — y(t) W

/
Integral control begins by integrating the error, i.e. [e(t)dt = [r(t) — y(t)dt

e How does this affect the state space model?

- ex-x- K s o poe stete — (\k \\ Q&*Q(*

o\ ’\)m

%meR
gke Meac am’*ro\\ ol h o% No q BLOS\%« (Ax, o\,\
}fk; = i?)f,\ NR., - ‘\& ’BK Yonw (ML\ — @Dv\‘\\ro\\ u\okm \ 3

A e S0
%‘( 1. OWlein Ka st N (At Rl e ey el gt U\%»e
- W= Ko e = L\ﬁ \&1{&" -X Ky & ¥séx L&x&)‘e %@c\\cww ‘CIU\ m\ QOU\\W) 17



Integrator + State Feedback

e The new system becomes:
r\ [ A O x n B - 0 .
6'1 N —-C 0 er 0 1
N N—— e N ——
Tq Ag La B, P

e Design an input ©v = K,z, such that(Aa + BQK% has eigenvalues with negative real
part (asymptotically stable)
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Integrator + State Feedback: Steady State

e With a feedback matrix K, = (K$ K I), the closed loop system becomes:
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Boost Converter Example: Voltage Tracking

e From topic 2, the state space average model of a boost con-  ———-
verter is as follows: w-d W= A@"‘ £ Blin L —1mH
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Boost Converter Example: Voltage Tracking Diagram

e The linearized model is as follows:
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e Use the linearized model to design an integral+state feedback controller to set the
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Boost Converter Example: Voltage Tracking Design

e The linearized model is as follows:

: —(1—-D*) ~ v

7 0 i A 1 c o\ . . -
= L i I I I = &= AF+ Byd
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C C RC C C

e Use the linearized model to design an integral+state feedback controller to set the
output voltage to a reference
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Boost Converter Example: Voltage Tracking Results

e The linearized model is as follows: Ve —10V Ve- ;LJ Vin
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Power Electronics + Machines + Control

= Control techniques are able to command the power electronics and machines to
regulate necessary variables such as:

Voltage, current

Active and reactive power

Torque and speed

O O O O

= In many applications, the control structure to accomplish this is generally as follows
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Motivation from Physical Systems

=  One of the reasons this control structure has appeared is the time scales that exists in
these systems:

o Current has a faster decay ratio (small inductance) ~— \.: L‘%,{ =D 1%{; -

o Voltage/speed is slower (larger capacitance/inertia)

=  Some examples can be seen in electric machines and dc/dc converters
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= The inner loop quickly regulates the current while the outer loop controls the
speed/torque
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Assumptions for Inner/Outer Loop Control

e Control designs for these systems generally falls under singular perturbation

techniques (Q\ewa Sagcm) 'mg)lr o Jistolone
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Example: Buck Converter

e The buck converter average state space model is:
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Example: Buck Converter - Simplification

e The buck converter average state space model is: QQ\(QM&OV\

| N 1

R (1) T ) [ E ) v s~ ¥

dt \ve ¢ —®mc) \vc 0 )~~~ )
WO

e Design an inner/outer loop control to track the output voltage st} C%: ve § R

e Apply the singular perturbation assumptions:
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Example: Buck Converter — Inner Loop

e The buck converter average state space model is:

d [ig 0 -1\ (ir 1 5
dt — |1 1 + 0

e/ N Tma/ AT + L
e Design aouter loop control to track the output voltage ! C%: v § R
e Apply the singular perturbation assumptions: U\ g(ot.) sholes ane
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Example: Buck Converter — Outer Loop

e The buck converter average state space model is:

d (i o -1 ' 1 S
_%L:1 i T (T avae -
dt Vo o] —RC Vo 0 S——— L
u + ~N
() — |,
e Design an inner fouter loop control to track the output voltage . —K} C%: ve §R

e Apply the singular perturbation assumptions: (l\ Tk Sodes ae tnghont.
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Example: Buck Converter - Combined Controller

The buck converter average state space model is:

d (i (0 =1\ [iL T 51—
-6 DEBe [,

u

e Design an inner/outer loop control to track the output voltage } C%: e § R

i1,

Apply the singular perturbation assumptions:
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Example: Buck Converter — Actual Model

e The buck converter average state space model is:
d (i 0 -7 \[i I 1
) = 1 i Tz dVic s}
dt Vo C —RC (Ve 0 e I
u + Y
() il I
e Design an inner/outer loop control to track the output voltage 52{} C%: ve § R
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Next Topic

Three phase AC/DC and DC/AC converters

o abc to dq transformation
o Space vector PWM

o Phase Lock Loop (PLL)

o Controller Design Overview
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