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Abstract: - When consulting the text books on control engineering, state space controllers are described and
designed with the help of matrix calculus. This implies good knowledge of linear algebra. Especially in Europe
many Universities of Applied Sciences have extremely reduced mathematics in their curricula. Here a teaching
concept with the help of signal flow graphs can help to explain and design the controller without solving matrix
equations. As example, the bidirectional Buck converter is used. The model of the plant is derived and a simple
state space controller is designed. The plant model is linearized around a working point. Therefore, the simple
state space controller leads to correct results only at this point. Combination with an additional controller or
using the error between the desired value and the actual value as a third state variable improves the quality of
the control. The signal flow graphs for these concepts are given and the controllers designed. With the help of
LTSpice the designs are checked.
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1 Introduction and second with the error as additional state variable
State space controllers lead to a very efficient are explained and designed with the help of the
control. Perusing the textbooks, the design of these signal flow graphs. A comprehensive treatment of
controllers is described with linear algebra and Power Electronics is [5], other valuable textbooks
matrix calculus. Furthermore, the design is are e.g. [3-6, 9]. It should be mentioned that the
described for systems of any order. If an example is here-used methodology can be applied to other
given, it uses only simple numbers. Especially in DC/DC converters, or also to other plants which are
Europe, many Universities of Applied Sciences described by a state-space model.

have reduced mathematics extremely in their
curricula. Another way of teaching is therefore o )
necessary. Here a way to teach using signal-flow 2 Model of the bidirectional Buck

graphs and Mason’s equation [1] is described. The converter

use of signal flow graphs is very intuitive and helps The Buck converter with synchronous rectification
the students to a better understanding and the (an active switch is used instead of the diode)
possibility to design a state space controller. In this consists of two active switches S1 and S2, an
paper the state space controller concept is applied to inductor L1 and a capacitor C1 (Fig. 1). A pair of
a step-down DC/DC converter. An early study of connectors is used for the input voltage and a
applying the space controller concept to converters second pair serves to apply the load. The two active
can be found in [2]. First the model of the plant is switches (S1 & S2) are controlled in push-pull
derived and the signal flow graph is drawn. Then the mode, always one of the switches is turned on (with
concept of the state space controller is included into a small dead-time between).

the graph of the plant and a simple state space In [7] the idealized model for the same Buck
controller designed. The converter is a nonlinear converter is used to design simple P- and PI-
system and the model changes with the working controllers, a compensation controller, and a
point. Therefore, the control has to be improved. feedforward controller, and in [8] the two-loop
Two concepts, first with an additional Pl-controller control is treated. The idealized model is derived in

E-ISSN: 2224-2678 421 Volume 21, 2022



WSEAS TRANSACTIONS on SYSTEMS
DOI: 10.37394/23202.2022.21.46

[7], and a model with parasitic resistances is used in
[8]. These models are the starting point for our
design procedures.

rout

Fig. 1. Buck converter with two active switches.

In the CCM (continuous conduction mode) two
modes take place (sometimes also called stages). In
mode M1 the active switch S1 is turned on and
switch S2 is off, and in mode M2 S1 is off and S2 is
on. Including the parasitic resistors of the switches
Rsi1, Rsy, of the inductor R, and of the capacitor Rc a
precise model of the converter can be derived
according to

R, +R//R; +Rg R
i(iL]_ L L(R+R¢) [iLJ
dt{uc ) __R b e
C(R+R¢) C(R+R¢) (1)

d
+ L |(uy)
0

This model is a nonlinear one. Linearization around
a working point Ui, Do, lLo, Uco leads to the small
signal model (all variables are written as a
combination of the working point value, written as
capital letters with the index 0, and the disturbance
of the variable, written with small letters with a roof
on top)
R, +R//R; +Rg R

d|iL _ L LR+Re) [ iL
dt| e _R__ 1
C(R+R¢) C(R+R¢)

Dy U [~
AT
0 0 |\d
The output equation can be calculated according to

+Rc
For simpler writing we use abbreviations for the
matrix elements and the coefficients of the output

equation
A12:| ?L +|:Bll BIZ:| al (4)
Aoalluc) LO 0]y

diL {Au
at| o | LAn

2)

Uc -
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Uy =Cyp-ip +Cpalc )
For getting the matrix description of the plant we
need only the basic equations of electronics:
Kirchhoff’s voltage law (KVL) and Kirchhoff’s
current law (KCL), and the voltage-current
equations for the resistor, the inductor, and the
capacitor. The matrix is only used to make the
description concise. So no knowledge of linear
algebra is necessary. (2, 3) are linear equations and
can be used for small signal calculations. The
complete system can now be drawn as a signal flow
graph in the Laplace domain. The graph can be
found immediately from (4, 5). For a system of
second order we need two integrators 1/s. On the
left side the branches which form the derivative of
the equation are connected. The output variable U2
is achieved according to the output equation with
the branches C11 and C12.

B11

ui(s) Buck converter with output equation

u2(s)

Fig. 3. Signal flow graph of the synchronous Buck
converter.

It should be mentioned that all second order power
converters have the same signal flow graph as
shown in Fig. 3 but different coefficients.

First we calculate the two transfer functions
between the current through the coil and the duty
ratio and between the capacitor voltage and the duty
ratio. We must calculate the forward paths
B (=S Bi2An

s v s?

(6)

F|:

and the loops

LM

1 s '

Ao

A A
L, = Alzz 2 L= Lils = Al; 2
With the help of Mason’s equation (a short
explanation can be found in the appendix)
Uc(s) _ R (8)
D(s) 1-(L+L,+Lg)+LL,
one can calculate the transfer functions between the
capacitor voltage, the current through the coil, and
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the output voltage in dependence of the duty cycle,
respectively according to

Uc(s) _ AuBi, (9)
D(s)  8*—S(Ay + Ay )+ AsAy — Ay,

1.(s) _ B, (S - Azz) (10)
D(s) s°- S(Au + Azz)"‘ APy — Ay Ay

U,(s) _ B, (Cn(s - A22)+ A21C12) (11)

D(s) 8" —s(Au+Ap)+ APy — AnAy
In [7] a simplified model of the Buck converter is
used. The parasitic resistors are omitted. In this case
the plant is a less damped one, so the derived
controller will be slower. The large signal model is
now described by

L

. 0 —-= . d

w1 LUH
LC CR |

and for the linearized model one gets

1
o -= Dy Uy |»
i L 0 Lo, =2 L0y (13)
dt A 1 1 A L L A
Uc — Uc 0 0 d

[C  CR.
For a rough design of the controller this plant model
is sufficient. The signal flow graph is now also
simpler and shown in Fig. 4.

U1i(s) B11
[} 3

(12)

Buck converter ideal

D(s)

Fig. 4. Signal flow graph of the idealized
synchronous Buck converter.

The branches All (consists only out of parasitic
resistances) and C11 (Rc << R) are now zero and
C12 is equal to one. The transfer functions (9-11)
can now accordingly be simplified. For the design
of the controller these simplified equations can used
for a first design.

3 Basic state space controller

The input variable of the state spaced controlled
Buck converter consists of two P-controllers R1 and
R2 which feedback the state variables IL and UC
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and a so-called input filter K which scales the
reference value (the desired output voltage). The
signal flow graph is shown in Fig. 5.

ideal Buck converter with simple state space controlier

U2(s)
Ll

Fig. 5. Simple state space.controller for the idealized
plant.

When using the Mason equation, one has first to
find the forward paths (all the series of branches
which are starting at the input (the independent
variable in our case U2ref) and end at the output
(the dependent variable in our case U2) and the
loops. A first-order loop is defined as the product of
branches encountered in a round trip, when one
moves from one node in the direction of the arrows
back to the node where one has started.
Furthermore, we have to find all second order loops
which consist of the product of any first-order loops
which are not touching each other.

We start from the input variable D. There is only
one forward path

B
F1=—1§2Aﬂ . (14)
The first-order loops are
Aoh _A __BiR
SO
Lo BfuRe (15)

S
The loops L, and Lz are not touching each other,
therefore we have also a second-order loop
_AZZBlZRl
s

All loops touch the forward path. Applying Mason’s
rule, the transfer function between the output
voltage and the duty cycle can be calculated
according to

Uy(s) _ F

D(s) 1-(L+L,+Lz+L,)+(LyLg)

LL, = (16)

(17)
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Including the pre-filter K, the transfer function
between the output voltage and the reference value
can now be written according to
Up(s) _ BioAyK
Ugre (8) 5%+ (= Ayp + B,Ry )5+
+ (B12A21R2 —Ah - A22512R1)
This transfer function has to be compared with the
desired transfer function and by comparing the
coefficients the values K, R; and R, of the state
space controller can be found.
One can now choose the poles. A typical choice
would be a conjugate complex pole pair
Si,=—0%jw (19)
or a double pole on the negative real axis. The
denominator of the desired transfer functions is
therefore
Dencomplex =(s+ o + jo\s+o - jo)=

2+a)2

(18)

s?+20-s+0 (20)

Denreal =(s+x)* =s% +2x-5+x? . (21)

To avoid a steady state control error, the numerator

must have the same value as the constant coefficient

of the denominator. The desired transfer functions
are therefore

O'2+C()2

G = 22
complex s2+20-s+0° +w? (22)

X2

Greal =———— - 23
TS24 ox s+ %2 (23)
For the idealized converter one gets for the real
double pole

2

K = X R = 2X+ Ay,
BlZAZl BlZ

R, = X% + ApoBioRy + A, (24)

B12A21
and for the conjugate pole pair
2 2

K = o +w (25)

B12A21

20+
=Py +B,R =20 R = B—A22 (26)
12
Bi2AviRy — AipAor — AgpBioRy = o’ +a’
R, = O @+ AuBiaRy + Aol
BlZAQI
For the converter with included losses the

comparison of the coefficients leads for the real pole
pair to

(27)

X2

X (28)
AZlBl 2C12
R, = 2x+ Ayt Ay (29)
BlZ
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2
R, = X"+ AgaBioRy + ARyt — AniAyy .

(30)
BlZAZl
For the conjugate complex pole pair one gets
2 2

_ g re (31)

BlZA21C12
R, = 20+ A+ A, (32)

BlZ
R, = 0 + % + AgaBioR: + ApPos — Aoy . (33)

BlZA?_l

The simulation is done by implementing (Fig. 6) the
model of the converter according the nonlinear
model (12). The integration is done with the help of
the voltage controlled voltage sources E1, E3. The
derivative of the state variables is realized with the
arbitrary voltage sources Bl, B2. The arbitrary
voltage source B3 calculates the duty cycle from the
state variables and the reference value. The input
voltage ul and the reference value Uref are given by
the voltage sources V2 and V1, respectively.

porers ALT=0 AdZ= 13504 A1 =A45¢) AZR~ 909
paress BI040 ATed BLT < Bed 62108 K120
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Fig. 6. Simulation of the simple state space
controller.
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Fig. 7. Simple state space controller with ideal Buck
with poles at s;, =-1000+ j1000: current through

the coil (red); reference value (black), voltage across
the capacitor (green); input voltage (blue), capacitor
voltage (green).

Fig. 7 show the current through the coil, the voltage
across the capacitor, the reference value, and the
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input voltage. The controller was designed for the
linearized system; the model of the converter in the
simulation, however, is the nonlinear one.
Therefore, a steady-state error occurs when the input
voltage is changed (at 15 ms).

To achieve a Bode plot (Fig. 9) of the controlled
system one can use a simulation according to Fig. 8.
The desired closed loop transfer function (23) is
calculated with the voltage controlled voltage source
El.

stran 25m
.ac dec 100 10 100k

PULSE(0 0.1 1ms 1u 1u 10)
AC1

ref 2

Vi E1l

BUCK ideal U2/D mit ZR

Laplace=2¢6/((s%s)+(s" 2¢3)+2¢6)
Fig. 8. Simulation circuit for generating the closed
loop transfer function.
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Fig. 9. Closed loop transfer function.

.
i
.
.........
...................

" 100kse

T T Y T T T T Y T
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Fig. 10. Circuit simulated Buck converter with
simple state space controller, up to down: current
through the coil (red); duty cycle (black); input
voltage (blue), reference value (brown), output
voltage (green).
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With the program LTSpice one can implement the
state space controller into the circuit simulation. The
used simulation circuit is shown in the appendix.

Using a circuit simulation of the Buck converter
gives a very good possibility to prove the controller,
not only around the working point, but in a “real”
surrounding. In Fig. 10 one can see the soft-start by
increasing the reference value and a reference value
step and a step of the input voltage. The current
through the coil and the duty cycle are also depicted.
Because of the nonlinearity of the converter a
steady-state error occurs especially after the input
voltage and the reference value steps.

LY

W{in) " ViureN) Vipwen]

W ——n

29.980ms 29985 29.990ma 29.995ms 30.000ms
Fig. 11. Circuit simulated Buck converter with

simple state space controller, up to down: current
through the coil (red); duty cycle (black), sawteeth
for the pwm-generator (turquoise); input voltage
(blue), reference value (brown), output voltage
(green), pwm-signal (violet).

Fig. 11 shows the steady-state signals: the current
through the coil, the analog duty cycle, and the saw-
teeth of the pwm-modulator. In the picture at the
bottom the input voltage, the reference value, the
output voltage, and the output of the pwm-
modulator are depicted. The analog duty cycle
signal changes with the current of the coil. With a
comparator this signal is compared with a saw-teeth
signal to generate the pulse width signal to control
the two active switches of the converter. When the
analog duty cycle signal is lower than the saw-teeth,
the comparator output signal is high, otherwise it is
low. The steady state error of the output voltage can
be seen clearly.
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4 Improvements of the state space

controller

The state space controller only works precisely,
when the system is linear. When the controller is
designed for a linearized plant (as in the case of the
Buck converter which is a nonlinear plant), it works
precisely only at the working point where the
linearization was done. To improve the control, we
have two possibilities. First we control the state-
spaced controlled plant by an additional controller
with an integral part, or second another state
variable representing the error is included and a
state space controller with increased order is
designed.

4.1 Improved state space controller type 1
The concept is shown with the help of the signal
flow graph (Fig. 12). Instead of the pre-filter, a
simple linear controller is used. To avoid a steady-
state error, we choose a Pl-controller.

Ideal Buck converter with simple state space

Ulfs)

Ulref(s) c«mmuv“-, (s} 812
D"'?"'"O“'_:""":

additional linear controller.

With the transfer function of the Pl-controller in
Bode nominal form
R(s)= KET+D (34)
S
and choosing the zero of the controller equal to the
real part of the poles of the plant, the open loop
system can be written according to
Gy =K (s0.001+1) : 2e6 .
S S +2e3+2e6
Now one can draw a Bode plot for the open loop
system with K=1 (Fig. 13).

(35)
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Fig. 13. Bode plot of the simple state space
controlled system with additional Pl-controller.
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0

Oms Jms Oms Oms 12ms 15ms 18ms 2ims 24ms 2'mw  30ms
Fig. 14. State space controlled Buck converter with
additional PI-controller, controller gain 1000, input
voltage (red), reference value (blue), capacitor

voltage (green).

For a phase margin of 60 degrees the gain is -60 dB.
Therefore, the controller gain can be set at 1000.
The start-up, a reference value step, and an input
voltage step are shown in Fig. 14.

The additional Pl-controller leads to an additional
ringing at the reference value step, but it
compensates the input voltage step! Reducing the
controller gain (Fig. 15) avoids the ringing and the
control speed is still satisfactory.

Viured) Wit}

2

22V
20
18V
16V
14
12V
10V

v

6V

4V

2
T oo Bm fhm Wm0 s m dom
Fig. 15. State space controlled Buck converter with
additional PI-controller, controller gain 100, input
voltage (red), reference value (blue), capacitor

voltage (green).

T T
Ims Bms

The simulations in Figs. 14, 15 were done with
using integrators to calculate the nonlinear model of
the converter. Fig. 16 shows the results of the
simple state space controlled system with additional
Pl-controller. The plant is circuit-simulated as
synchronous rectified Buck converter.
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Win) Viurel)
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10

T

Oms s e ame 12ms 150
Fig. 16. State space controlled Buck converter
(modelled as a circuit) with additional Pl-controller,
controller gain 100: input voltage (blue), reference
value (brown), output voltage (green).

The improvement of the state space controller by an
additional controller leads to a very satisfying result.
With the state space controller, the poles of the
system to be controlled are committed to a desired
value. This system is subsequently controlled by an
additional normal linear controller. The design can
easily be done with the help of a Bode diagram of
the open loop with a controller gain of one.
Choosing a phase margin and shifting the open loop
diagram, so that at a phase shift of -120° the gain is
1 (0 dB), leads to a fast and stable controller. To
avoid ringing one has to reduce the gain. Optimizing
can be done easily using some simulations. By
including the controllers into a circuit simulation of
the converter one gets the final check of the design.

4.2 Improved state space controller type 2

A second method to improve the state space
controller is to add the integral of the error between
the output variable and the reference value as an
additional state variable. This concept is also called
extended state space controller. Fig. 17 shows the
signal flow graph of this concept.

Buck convertar complete with simple state space controller and addtional state variable
-R1

.Ul(l)Bll.

O-------

H

\

'

'

A

\

\

'

'

: ) U3(s)

H i

t '

2 '

! '

! 1

H -R2 '
Uaref(s) , : E(s) -1 i
QuisiPpuiilpacsnnnnnnancnans O a

Fig. 17. Signal flow graph of the extended state
space controller.

We find two forward paths between the output node
U2 and the input node U2ref
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_ RBBlZCIl _ R3812A21C12
Fl - l F2 - 3 .

s? s

(36)
We find seven first order loops

A R
Ll:%, L2:A1§221’ L, A22, L4=_B1§ 1

S
L. =— BlZA21R2 L. = RSBIZCll
5 — 2 ) 6 2 1

_ R3B12AxCpo
s '
The loops Ls and L4, the loops L: and Lz and the
loops L3 and Le do not touch each other, therefore
we have also three second-order loops
A R
Ll = Ai;z 22 L, =— A22E’212 1
_ A22812C11R3
s '
The loop L3 does not touch the forward path F1, but
all loops touch the second forward path F.. The
transfer function can now be calculated according to
U,(s) _ Fl(l_ Ls)"' F . (39)
D(s) 1-(L+Ly+lg+l,+Lg+lg+Ly)+
('—1'—3 + Ll + |—3|—e)
Uy(s) _ B12Rs[(Cua)s + (= ApeCus + ApiCio )] . (40)
D(s)  $°+(— Ay~ Ay +Bp,R % +
= AipAx1 + BoAggRy +
R3B12Coy + Azz(An— BlZRl)
R3 (+ BlZA21C12 - AZZBlzcll)
Now one has to choose the poles of the closed loop
system. This can be done arbitrarily, but one has to
have in mind that a too fast control leads to high
signal values which may destroy the circuit. It is
ingenious to choose a triple pole on the real axis, or
one real pole and a conjugate complex pole pair. A
triple pole at minus x leads to a desired denominator
of
Den3=(s+x)> =5 +3x-5% +3x* -5+ x° . (41)
We can also use one real pole and a conjugate
complex pole-pair. This leads to the denominator

Dencomplex 3 = (32 +20-s+0% + 0 Xs +X)=
=5 + (20 + x)s? +(o-2 + o’ +2<5x)s+(o-2 +a)2)>< .
The desired transfer function with zero steady state

error is therefore

X3

L, = (37)

Lylg = (38)

S+

(42)

G;(s) = (43)

s*+3x-52+3x% -5+ x°
(0 + 0?
26+ x)s% + (0?2 + @? + 20x s + (62 + 0 Jx
(44)

4.2.1 ldeal plant with triple pole at minus x

G3comp = $3 +(
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To achieve the controller values, the desired transfer
function (43) and the transfer function of the system
(40) must be compared. Ai; and Cy1 are very small,
so they can be omitted (A11=0, C1:=0). The transfer

function can be reduced to (45)
Uy(s) _ A21B15C15Rs
D(s) 3 2 | = AP+ BioAnRy
- A R

$°+ (= Agy +BRy ) + + A= BLR) S

+ Ay1B15C15Rs
Comparison of the coefficients leads to

33X+
—Ayy +BpRy =3x R = 3t P (46)
Bi2

~ Aoo1 + BioAoiRy + Aoy(= BioRy )= 3x

R, = 3x% + ApPor + ApaBioRy (47)

B12A21
3 x° 48
C,R; = Ry=——— .

A21B15C15Rs = X 3 AyBioCos (48)

poram ALEC® AL 1004 A)154.5501 A2): 404
(rm 1151 b 0eA 5120800 B4 8 B220

Wk 1000 parsen RE -2 AL4 T R4 1000 D K1 2754 rée) 100

" " 3¢ dec 100 10 200
S L 300
5l )
Vi Lasiace 1 M5+ 0000001 )
AL T ‘.
V(A1) "0+ JAS 2DVl wlwa YW (1)

R0 0 1.5 8 m 37 20w 12 J01m 14)

e ol
Vimerer v
a o

VWil ola ) PWLID @ 0 %0 0 1re 24 40 24 43.1m 27}

Laphacn « 1 (e 48000001 |

"
V(AT WO » (A22) V)

Lapdan = Li(s +8 000001 ) WL ST VOR )+ {2 "WIC) * (R "Wibvteemar)

Fig. 18. Simulation circuit: idealized plant of the
synchronous Buck converter with extended state
space controller with triple pole at -1000.

Fig. 18 shows the simulation program. The
converter is modelled with its state space
description.

2 Mut)

15 el P ===

wel [/

/
Sved ‘;‘v
w-//

10ms 20ma 0ms 40ms SOms G0ms TOms Blws  Odms  100ms
Fig. 19. State space controlled Buck converter
(modelled as a non-linear system) with extended
state space controller with triple pole at -1000: input
voltage (blue), reference value (brown), output
voltage (green).

s

In Fig. 19 the start-up, a reference value step, and an
input voltage step for the Buck with extended state
space control is shown. The system is slower and
the reaction to the input voltage change is much
more pronounced.
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4.2.2 ldeal controller with a complex pole pair
and a real pole
The complex pole pair is chosen at —o + jo and the

real pole at —x. To get the controller parameters the
transfer functions (44) and (45) have to be
compared. This leads to

Ay, +BoR =20+x R =201XtAn (49)
BlZ

= AoPo1 + BipAyRy — AgoBioRy = %+ + 20x

R, = 07+ % +20%+ A Po; + AgoBoR, (50)

BlZA21
ApBLCLRs = 02 + 0 R_02+a)2 (51)
1515013 = = .
AZlBlZC12

The second concept (4.2) is equivalent to (4.1) when
a simple I-controller is taken. The I-controller leads
to a slower system. Therefore, it is better to use
concept (4.1).

5 Conclusion

The design of state controllers for a second order
system without using linear algebra and matrix
operation was shown for a step-down DC/DC
converter. Now only some knowledge about the
signal flow graph and the equation of Mason is
necessary. The system has to be described in state-
space form which is very common and does not
need knowledge about matrix calculus. The design
equations for the controller follow immediately
from the signal flow graph. The Buck converter
used as an example is a nonlinear system, therefore
the simple state space controller works only
correctly for the chosen working point. Two
methods to overcome this limitation are shown. The
better way is to use an additional linear controller
e.g. a Pl-controller. The second concept to include
the error as a third state variable is also possible and
is similar, when in the first concept an I-controller is
used instead of a Pl-controller. The I-controller
leads however to slower control and is therefore not
so useful. The free simulation tool LTSpice helps in
the design and makes possible to check the system
with a circuit simulation of the plant.
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Appendix

Al. Signal flow graphs - a short summery

The signals are nodes and over the branches which
connect the nodes the transfer coefficient or
function are written. We distinguish between
forward paths and loops. To get the value of a
forward path (between an input node and an output
node), one has to multiply the values of the
connecting branches. A loop starts at a node and
ends at the same node. The value of the loop is the
multiplication of the values of all branches which
form the loop. Second-order loops are formed by the
product of two loops which are not touching each
other. Mason’s equation enables us to find transfer
functions. The denominator is 1 minus the sum of

Felix A. Himmelstoss

all first-order loops plus the sum of all second-order
loops minus etc. The numerator is the sum of all
forward paths multiplied by the denominator, where
all loops which are touching the forward path are
deleted.

A2. Circuit simulation

Fig. A shows the used simulation circuit for the
simple state space controller. The synchronous
rectified Buck converter is modelled with the active
switches (MOSFETSs) S1 and S2, the inductor L1,
and the capacitor C1. The input voltage is built with
the voltage source V1 and the load by the resistor
R1. The electronic switches are controlled by the
voltage controlled voltage sources E1 and E2. E1 is
necessary, because S1 is a high-side switch, S2 is a
low-side switch, therefore no floating driver is
necessary, but E2 is used to realize the same
propagation delay. The dead-time of the switches is
realized with the capacitors C2, C3, the resistors R2
and R3, the diodes D2 and D3, and the AND-gates
Al and A2 (which can also be used for connecting
an enable signal). S1 is controlled by the pwm
output of the comparator U1, and the second switch
S2 by the inverted output pwm_g. The pwm-
modulation is achieved by the saw-teeth generator
V2 and the output of the arbitrary voltage source
B1, which calculates the simple state space
controller. With the voltage source V5 the desired
value Uref is produced. The comparator Ul is
double side supplied with the voltage sources V3
and V4. Only 5V is allowed for this device. The
voltage source V6 with the value zero in series to
the inductor L1, shows the current measurement
device. This current controls the current-controlled
voltage source H1 which is used in the state space
controller B1.

-
................. IPD220N06L2
PWL(0 0 0.5m 24 15m 24 15.5m 22)

Fig. A. Circuit orientated simulation of the synchronous Buck converter with simple state space controller.
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