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Solution of demonstration 2

Problem 1

In the circuit below, the ideal switch is turned on an

d off with a duty cycle of D=0.6 at 20 kHz.

+ +
; Vew . V=15V

W, £.,= 20 KHz
Va - D=06
+ _
i R=50Q

(a) Calculate the average output voltage V,.

(b) Sketch the output current i,.

(c) Calculate the average output current I,,.

(d) Calculate the power dissipation in the resistor R

Solution

(a) When the switch is on, v, = V,;, and when the switch is of, v, = 0. The average value can

then be calculated according to the definition as

T DT T
1 1 1 V4 D
%=ijodt=fj Vddt+Tdet=7[t]0
0 0 DT

(b) When the switch is on, the output current is

3A

%
T=Fd(DT—O)=DVd=O.6-15=9V

DT

i



ENMO061 Power Electronic Converters o Dept. Of Electric Power Engineering
Demonstration 2 Solution— HT2017 Chalmers University of Technology

(c) The average output current can be calculated similar to the average output voltage

T

1( V, DV, 0.6-15

IO—?.flodt—ﬁ(DT—O)— R = 5 = 1.84
0

(d) For an AC current, the rms value is equal to the value of the direct current that would
produce the same average power dissipation in a resistive load. Therefore we can use the rms
current to calculate the power dissipation in the resistor R.

1 T
Irms = _J. iOZ dt
T 0

1 T 1 DT Vd 2 32
P, =RI2 . =R=| iy2dt = —f Qﬁ =R-—(DT—0)=R-54=27
A Fms T-fo ip“dt 7). R dt T ( 0) 5 w
Problem 2
lq1
—
+
V, ia V=15V
. - fsw=20kHz
N D=0.6
3 v R=5Q
2Vq — V; = 0.82V (diode forward voltage drop)
L]
V; + R +
Vo . DX/ vp
lp
- B «— -

(a) Calculate the average diode voltage V.

(b) Sketch the diode current ip,.

(c) Calculate the average diode current Ip,.

(d) Calculate the power dissipation in the diode D.
Solution

(a) When the diode is conduction, the forward voltage drop V; is constant

1 T 1 T vf T
VD=?]0 det:?jovfdtzFJO dt = Uf=0.82V

(b) During the time interval, 0 < t < DT
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Va—vp 15-082

= = 2.844
'p R 5

and during the time interval, DT <t <T

2V, —vp, 30—0.82

lp R S 5.8
b A 5.84 A
2.84 A
t > t
DT T
(©

1 T Vd_vD 2Vd_vD
Ip==]| ipdt= DT -0 T —-DT
o= o dt =2 OT ~0) + =2 (7 - D)

_06-(15-082) 04-(2-15-082)

=404 4
5 5 0

(d) We start from the definition of average power again

1 (T 1 (T 1 (T
PD:?LPDdt:?LUDlDdt:VfT-]; lDdt

Let’s stop again, considering that the forward voltage drop is constant while the diode conducts,
one can observe that the integral on the right hand side corresponds to the definition of the
average current. So,
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Problem 3
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+ — +
GO—{ VCE G o Vbs
+ . n _ -
VGE i Vas
E o]
S

(a) Sketch the voltages (v¢ and vjs) over the two switching devices as function of the current

trough the devices (i and ip).
(b) Derive a formula, for each switching device, that can be used to calculate its conduction

losses.
Solution
(@) The two symbols correspond to an IGBT (left hand side) and a MOSFET (right hand side).

Their respective equivalent circuit when conducting can be illustrated as below. The major
difference is that the IGBT is a bipolar component due to its PN-junction.

C> \ l'DiT

VCE VDS

be

Due to the PN-junction, there is a voltage drop across the IGBT as soon as it starts to conduct.
Further, the on-resistance, Ry, of the IGBT is generally lower than the on-resistance, Rpson).
of the MOSFET, why the slope of the MOSFET curve is steeper.

nO—
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(b) For an arbitrary semiconductor (IGBT, MOSFET, BJT), the voltage drop over it when it is
conducting can be expressed as:

Veond = Vpn + Reondlcona

From this basic definition can the conduction losses be calculated as:

Tsw Tsw Tsw
1 4 R
] . pn i cond .
PC = T_ lcond(Vpn + Rcondlcond) dt = T_,I- leond dt + T f l?ond dt
sw J sw sw

= Vonlconacave) + Rcondlgond(RMS)
This gives that both the average current and RMS-current through the switch is needed if the

power dissipation is to be calculated. However, for a MOSFET which is a unipolar device
without any constant voltage drop (V,, = 0), the power dissipation can be simplified to:

Pc_mosrer = RDS(on)IIgET(RMS)

Depending on the on-resistance, Ry, and the current through the IGBT it is possible that
conduction losses can be approximated as:

Pe_igeT = Vonlconacave)
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Problem 4 (P3-8 in Undeland book)

i L [ A
%m — 15V
icvy *
Vi c—— R |y,

4us 68

The applied voltage (v;) is repetitive and the system is in steady state. Assume that the
capacitance is very large, the inductor has a value of L = 5uH and that the load consumes
250W (Pload)

(a) Calculate the average output voltage V,.
(b) Calculate the average output current and the rms-value of the capacitor current.

The average for an arbitrary function is defined as:

to+T
1

Faye = T f f()dt
to

We start by assuming that the output voltage is a pure DC voltage (v, = V). This can be done
since the capacitor on the output is very large. It is able to supply the load with energy (in
combination with the inductor) during the time that the input voltage equals to zero.

What do we mean with steady state in power electronics? The circuit is considered to be in
steady state when the waveforms are repeated with a time period (Ty,,) that depends on the
specific nature of that circuit (f (t) = f(t + Ts,,)). We know that for the inductor and capacitor
the following equations hold:

Tsw+to

1
- i (Tsw +to) = ir(tp) + I f vy (t)dt
to

di, (t)

=1L
v, (t) dt

Tsw+to
: dv.(t) 1 .
i(t)=C dt - ve(Tow + to) = vc(t) + E f i (t)dt
to
But since the system is operating in steady state we know that i, (Ty,, + t,) = i.(t,) and
V(T + to) = v.(ty). This results in:

T+t T+t

1 1
0=Ej ic (t)dt and 0=ZJ v, (t)dt

to to
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From this we see that the average of the inductor voltage and the average of the capacitor current
must be zero in steady state (compare with the average formula). The voltage over the inductor
can be derived from the input voltage and from basic circuit analysis. The average inductor
voltage, which we know is zero can then be calculated as:

4[15 6#5
1 1 1
= A5V - — | (-V,)dt =—(15V - 4us -V, - _
€ 6#Sf(5V V")dt+6usf( Vo) d 6,us( 5V -4us —V,-6us) =0
0 4us

In the equation above, there is only one unknown namely the quantity that we are searching for.
The output voltage can be calculated as:

v =157 -4 _ oy
o 6us

b) Calculate the average output current and the rms-value of the capacitor current.

The output current can be easily calculated since we have a resistive load and we have assumed
that the output voltage is a pure DC voltage.

The RMS for an arbitrary function is defined as:

to+T

1
Frus = Tf f()*dt
to

We know that the inductor current (i) consists of two parts, i and i,,. Since the converter is
operating in steady-state, the average current must be zero (I = 0), since the output voltage is
a DC-voltage, the output current must also be pure DC-current (i, = I,) due to the purely
resistive load. The average capacitor current can be calculated as:

TSW Tsw TSW
1 1 1
Ic=—| (,()-I)dt=—| iy;(t)dt—1,=0 - — | iy(Hdt=1,=1I,
TSW 0 TSW 0 TSW
The average inductor current must be equal to the output current. This gives that the ripple
current in the inductor must go through the capacitor (ic = i (ripple) = L — IL).
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The indu

ctor voltage and current and the capacitor current can be plotted as:

VL

A
5V

-10V

\

Since v and L are

constant, the derivative of
the inductor current must

X

be constant. This results in

ic

AiL/ZT

a linear increase and
. . >t decrease of the inductor
Aus 6us current.

iz |

We have

a new unknown quantity, Ai;, that must be calculated. Due to the fact that the inductor

voltage is constant from Ops to 4us, the ripple current can be calculated as:

L AlL ULAt 5V " 4‘.“5 4A

= _— = = =

VLT Ay TR T 5uH

The rms-value of the capacitor current can be calculated according to the definition

1 (o
Ierus) = af i2(t)dt
0

where i.(t) can be expressed as two linear functions, for the time interval 0 < t < 4us

_ Ai,  Ajp
lcl(t) =k1-t+m1 :4-_‘[15t_7
and for the time interval 4us <t < 6us
. A
lcz(t)zkz't‘l'mzz_z_‘ust"'mz

where m, can be found easily at t = 5us

. Ay,
icp(t =5us)=0= _Z_,usS#S +m,
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_ 5Ai,
m, = >
So
1 (o 1 (4 ) 1 (o4 )

I = |— i2(t)dt = —fi t)dt + — i%(t)dt =

et = [z |, B0 = o [Ttwar | o

=VvVA+B
then

1 [ 1 (*Aip  Aip\*
Az—f i2 (t)dtz—f (—t——) dt =
6ul, 6ul, \4u 2
1 [* [ /Ai\* Aip\ (Ai Aip\?
=gl (G 2@ (F) e+ (F) Jae=
6u J, 4u 4u/\ 2 2
1 (4% (/A2 Ai? A\
() e (2 ()
6u J, 4u 4u 2
1 (AiL>2t3 Ai? t2+<AiL>2t4“_ 1 (4>24M3 42 4u2+<4>24 ~
TN/ 37\ )2\ 2 | Tep\\) 3T \a) 2 T\2) )T

- 1<64” 320 + 16 )—16
“ou\ 3 T IOR) =18

And

1 (6 1 (%%, Ai;  5Ai;\°
B=— 2, ()dt = — (——t )d

. 2 . . . 2
() (5 e
61 Jyy 2u 2u 2 2
6u

1 [/Ai\2t3  /AiQ,\ /5Ai 5Ai,\2
-5l0) 3G () e+ () o =
6u|\2u/ 3 2u 2 2 »

ap
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1 (4)26u3 (4)(5-4>62+<5-4>26
“eu\\\2n) 3 g/ )P 2 ) H
() - () e+ (55 4
2u) 3 \gu/\2 )7 2 ) H
1 256
= (288,u—720,u+600u)—(Tu—320u+400u) =

I
"~ 18

Finally

Iccrmsy = VA+B =/16/18 + 8/18 = |/24/18 = 1.154

Why is the RMS-current through a capacitor necessary to know? All capacitors can only
handle a certain amount of RMS-current due to heating of the internal resistances. An
equivalent circuit is shown below where C and Rs are the dominating terms.

RP
—
~r +—
Ls Rs |1
11
C

The operating voltage and especially the working temperature have a significant influence on
the working life of electrolytic capacitors.

However, the pure series resistance (from e.g. connecting wires) is not of great interest since it
does not contribute to the losses in a significant extent, instead is the equivalent series resistance
(ESR) more useful. The ESR sums up the all losses in the capacitor (resistive and dielectric
losses). The ESR is temperature and frequency dependent.

The parameter often given in the datasheets for a capacitor is the dissipation factor (tan &) which
relates capacitance at a certain frequency to the ESR. By definition is the dissipation factor the
ratio between the ESR and the reactance of the capacitor.
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ELNA°

RJH Miniature Aluminum Electrolytic Capacitors

Series RJH High-Frequency, Extra Low-impedance Type

Very high reliability, biodegradable...

High-frequency, Extra Low-impedanceType.
Guaranteed for 5000 hours at 105°C

(2000 hours for ¢5 to ¢6.3)

(3000 hours for 8 to ¢10)
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CAP. SIZE tand | IMPEDANCE () | RipCur.
FLIRPARTIO-THV ) WF) | (6xL) (mm) 20°C 1;2 {m:rms}
RJH-10V471IMG4 | 470 8x15 0.19 |0.13 (0.29 | 617
RJH-10V47TIMH3 | 470 10x12.5 | 0.19 |0.10 [0.23 | 625
RJH-10V561MH4 | 560 | 10X 16 0.19 |0.080(0.18 | 825
RJH-10V681IMG5 | 680 8x20 0.19 | 0.095(0.21 | 800

Problem 5

In the circuit below, the switch connects the resistor to the voltage, V,;, during the time
interval 0 < t < DT. The rest of the time period, T, it connects the resistor to the voltage 2V.

la1
H
+
Vd id2
- -
+
ZVd -=< lO
ﬁ
V,
d +
R v,

(a) Calculate the average output voltage V,.

(b) Sketch the output current i,.

(c) Calculate the average output current I,,.
(d) Calculate the power dissipation in the resistor R.

V,= 15V
fow= 20 kHz
D=0.6
R=5Q
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Solution

(a) The average output voltage is calculated according to the definition of an average value

T DT
1 1 1 V, 2V,
V():?J.Uodt:?.f Vddt'i'?fZVddt:?(DT—O)'FT(T—DT)
0 0 DT

=V,D+2V,(1—D)=15-0.6+2-15-0.4 = 21V

(b) During the time interval, 0 < t < DT

and during the time interval, DT <t <T

2V, 30
b=f =35-%

3A

} )t
DT T

(c) The average output current can be calculated similar to the average output voltage

DVg | (1-D)2Vq
R R

T

I—lf'dt—vd(DT 0)+2Vd(T DT) =

o= ) L =Ry RT =
0

0.6:15 0.4:2-15
= +
5 5

= 4.2A
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(d) From the previous problem we know that the (average) power dissipation can be calculated
with the rms current

I = 1fT'2dt— 1fDT'2dt+1fT'2dt— 1JDT<Vd>2dt+1fT<2Vd)2dt
rms = | | %= )ttty ) = 7] \R T),.\R

15\ 215\
= 0.6 (—) + 0.4 (—) = 4.454
5 5
The power dissipation in the resistor is

P, = RI%,s = 5-4.45%2 = 99W/



