Interleaved Boost Converter with magnetic coupling

Let us consider the physical system shown in Fig. 1. The POG scheme of the Boost Converter

Figura 1: Interleaved Boost Converter with magnetic coupling. The case m = 3.

is reported in Fig. 2. where matrices B,, L,,, R,,, S,, and I,,, are defined as follows:
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Figura 2: The POG scheme of the Boost Converter shown in Fig. 1 .
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where s; are the control inputs:
s; € {0, 1}, ie{l, 2, 3}

The corresponding state space description is the following;:
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that is, in a compact form:

Lx=Ax+Bu

The energy stored in the system FE; and the dissipating power P; can be easily computed as

follows: .
ESIQXTLX, P,=x"Ax

The POG scheme of the Boost Converter when m = 3 is shown in Fig. 1 is shown in Fig. 3.
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Figura 3: The POG scheme of the Boost Converter shown in Fig. 1 (m = 3).

From Fig. 3 it is straightforward to obtain the state space description of the POG scheme:
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The POG scheme of Fig. 3 has been introduced in Simulink and the corresponding block
diagram is shown in Fig. 4.
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Figura 4: The Simulink block diagram of the POG scheme shown in Fig. 3.

When m = 1 one obtains the following simplified model:
L, = —RI — s1Vo+ Vg
CVy = sili—+V

In matrix form it can be described as follows:

-

When s; = 0 the two dynamic elements are de-coupled:

Ry

; — By v, — By
{Llfl = —RiL +V Li(t) = e Ilo—i—R—gl[l—e Ll}

Vo = =%V Vo(t) = e meVj

In this case the steady-state point is (Iy, Vp) = (;—91, 0) and the corresponding state space
trajectories are shown in Fig. 5, see Matlab/Simulink files “Boost.m” e “Boost mdl.mdl”.
When s; = 1 the two dynamic elements are coupled:

Lljl == _lel - ‘/O‘i“/g
Vo = h-3W

and the steady-state point is (I;, V) = (%, R‘ffR

trajectories are shown in Fig. 6.
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Figura 5: State space trajectories when s; = 0.
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Figura 6: State space trajectories when s; = 1.



Feedforward control

Let control system (3) with a constant duty cycle 5, € [0, 1]. The steady-state conditions
can be obtained from (4) when Iy and V; = 0:

—R1 —351 I 1 I _Rl —5] I
— +1.1V,=0 =— |— V.
ERE R I (i b =R
from which one obtains
Ll _ R -+ ] 5 Vel _ 1 Vy
Vo R +R3 |—5|—Ri| | 0 R+ R3 | 5,RV,
IfV, =100V, 51 = 0.5, Ry =5 Ohm and R = 100 Ohm, the steady-state point is:
L] [ 333A
Vo | | 166.66 V
The simulation results obtained with these parameters (see files “Boost Duty Cycle  R100.m”
and “Boost_Duty Cycle R100 _mdl.mdl”) are shown in Figg. 7 and 8.
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Figura 7: State space trajectories when 5; = 0.5.

The simulation results shown in Fig. 9 (see files “Boost Duty Cycle.m” and “Boo-
st_Duty Cycle mdl.mdl”) have been obtained by using the following parameters:

Ry =0.1 Ohm , and R =19.9 Ohm

In this case the steady-state point is:
L] [ 197A
Vo | | 1961V
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Figura 8: Inductance current [;(¢) and load voltage Vi when 5, = 0.5.

Inductance current I (¢)
30 T T T T T

I I I I I I I I I
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

Inductance current I1(t) (zoom)
19.83 T T T

19.82| .
—~ 198} i
~5'19.79 .

19.78 - .

I I I I I I I I I
75.01 75.02 75.03 75.04  75.05 75.06 75.07 75.08 75.09 75.1
1me [ms

19.77
75

Figura 9: Inductance current [;(¢) when R; = 0.1 Ohm and R = 19.9 Ohm .



For the simulation of an Interleaved Boost Converter of order m with all independent pa-
rameters please refer to files “Boost _of order M.m” and “Boost _of order M mdl.mdl".
In Figg. 10, 11 and 12 are shown the simulation results obtained with the following parame-
ters: number of inductors m = 3; input voltage V;, = 100 V; main capacitor C' = 200 uF'; load
resistance R = 20 Ohmy; self inductance coefficients [Ly, Lo, L3] = [20, 18, 22] mH; resistan-
ces of the inductors [Ry, Ry, R3] =[1, 3, 2] Ohm; duty cycles [s;, S, 53] = [0.5, 0.45, 0.48].
The mutual inductance coefficients M;; between inductors L; and L; have been defied as
follows:

M;; = M.\/L; L,

where 0 < M. < 1 is a proper positive coefficient. For the m-order case, the steady-state
variables can be computed as follows, see eq. (2):

-1

Il —Rl 0 0 —S1 1 781A
L 0 —Ry 0 | —s9 Uy — 5.67 A
Il | 0 0 —Rs| —s; 1 V] = 5.75 A
Vo s1 S2 S5 | —= 0 184.38 V

The reported numerical values refer to the considered particular case.

- Trajectories in the state space

200~ |

[
a1
o
T
1

Tension Vp(t)

50 n

° ; 6 ; 10 12
Currents I;(¢)

Figura 10: State space trajectories for the considered 3-th order case.



Inductance currents I1(t), I>(t) and I3(t).
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Figura 11: Inductance currents I4(t), I5(t), I3(t) and load voltage V;.

Inductance current I1(t) (zoom)

7.82 T T T

Ii(t) [A]

7.78 I I I I I I I I
75 75.01 75.02 75.03 75.04 75.05 75.06 75.07 75.08 75.09 75.1

Duty cycles [51, S2, S3]

08| J
06| 1
04 1

0.2 .

-0.2 ! ! I I I I I I
75 75.01 75.02 75.03 75.04  75.05 75.06 75.07 75.08 75.09 75.1

Time [s]

Figura 12: Inductance currents I;(t), I5(t), I3(t) and load voltage V;.



Feedback control

Let V,.s denote the desired output voltage and let us consider the following control law:

AVo) = Vier = Vo = 51

_ 1 4 sign(A\(Vp)) _ { 1 if A(Vp) >0
2 0 if AMVp) <0

The obtained trajectories in the (11, V;) state space are shown in Fig. 13, see Matlab /Simulink
files “Boost_3.m” e “Boost 3 mdl.mdl”. The dynamics of the system when the sliding
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Figura 13: State space trajectories when the control s; = 5 is used.
surface A\(Vp) = V,ey — Vi = 0 is reached is obtained by imposing /'\(VO) =0:
: 1 Vier _ _
Vo=0 — 5111—EVTef:O — 51:RI];:51

The control variable s; € {0, , 1} theoretically switches at infinite frequency with duty-cycle
equal to 51 € [0, 1]. The duty-cycle cannot exceed the maximum value:

‘/ref

51 <1 — Il>R

When parameters R and [; change, the duty-cycle 5; changes such to guarantee that Vy =
Vies. Substituting §; in the first equation of system (3) one obtains:

— 5
L, RILWI, Ly (5)

: I 1%
]—1 _ _Rl 1 ref + ‘/g



The equilibrium points of this nonlinear differential equation are obtained when I; = 0:

V,R¥ \/V}RQ —4R,RV2,

RRE-VRL+VE =0 — I, Yo

e

The equilibrium points are real only if:

| R
%2R2—4R1R‘/T,2ef>0 — ‘/ref < 4—}%1‘/!]

In Fig. 14 it has been reported the qualitative behaviour of I, as a function of current I,
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Figura 14: Qualitative behaviour of fl as a function of current ;.

see eq. (). From this figure it is evident that the equilibrium point 7 is unstable, while the
equilibrium point [ is stable.
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