2 I,
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.

Thus, the i\i'lqlllc_tor should have an inductance
of 0.24 H. If a-targer inductance were used the-

Q’ﬁﬁ“ﬁﬁt
ges and currents would remain the same.

,

\21 -39 Impedance transformation

So far, ‘we. umed that the converter feeds
power to afi active load E,. However, it may also be
used to connecta higher-voltage dc source Estoa
lower-voltage load resistor R, (Fig. 21.62).
Equations 21.20 and 21.21 still apply, but we now
have the additional relationship E, = IyR,.

Furthermore, the appafeit résistance Rg across the ™

terminals of the source is given by

~

The converter, therefore, has the’ability to trans=
orm the resistance of a fixed resistor to a higher
value whose magnitude depends upon the duty cy- :
cle. Thus, the chopper again behaves like a dc trans. |
former in which the turns ratio is D. :

~ 4

e S g

Example 21-12 _ 250 pAT s w’. dd 3") i,

The chopperif Fig. 21.62 operates ata frequency of

Ql kHZ and the on time 1520 ps. Calculate the ap-
PArenit resistance across the solirce, knowing that Ry ¢
=12 .

I|
—

Solution :
The duty cycle is

D=TJT=Tf=20x 107 x 4000 = 0,08

T By = Bl Applying Eq. 21.22, we have 1
We can therefore write Rs = RyD*
= — 2
Ry = Eg/I5 A [\ e~ = 12/(0.08)
_E/D 'C i ”(f{""’ = = 1875 () -
D This example shows that thza./g;g_tp_igl_\;giti_éjof are-
_ By sistor can be increased many times by using a chop-
"~ 1,D? \ per. Although a chopper can be compared to a trans-
% former, there is an important difference between the
R, N\ f e . St v
- Rg = 53 (21.22) \ two. The reason is that a transformer permits powﬁ’]
\ [

where

Rs = apparent resistance across the source [()]
Ry = actual load resistance [{)]
D = duty cycle

R
=5 D T Ilo
®

Figure 21.62
A chopper can make a fixed resistor A, appear as a
variable resistance between terminals 1-2.

‘flow in both directions—from the high-voltage sidg’
\to_the low-voltage side ot vice versa. The step--,

i~@own chopper we have just studied can transfer )

/

I/ power only from the high-voltage side to the low-/

\voltage side” Because power flow in both directions
is often required, we now examine a dc-to-dc con-
verter that achieves this result.

21.40 Basic 2-quadrant
dc-to-dc converter

Consider Fig. 21.63a in which two mechanical
switches S1 to S2 are connected across a de voltage '
source Eyy. The switches open and close alternately
in such a way that when S1 is closed, S2 is open and
vice versa. The time of one cycle is 7, and S1 is
closed for a period T, It follows that the duty cycle
of S1is D = 7,/T)while that ofiS2is (1 = D). When
S1is closed, terminal 1 is at the Tevel of point 3 and




L

- ——

s2 / E

Figure 21.63a
Two-quadrant dc-to-dc converter.

Ej2
>

Figure 21.63b
Waveshape of E;, and average value E,.

5o the output voltage is Ey; = Ey for a period T,.
Then, when S1 is open, S2 is closed and so B, = 0
for a period Ty, The output yoltage oscillates. there-

fore, between Ey and zero (Fig. 21.63b) and its av-

erage dc value E; is given by Eq. 21.21
B, = DEx 21.21)

By varying D from zero to 1, we can vary the mag-
nitude of Ey from zero to Ey.
In examining Fig. 21.63a, it is agpg};gnt,,thaLLhe

(Circuit on the Toft-hand side of terminals 1, 2 is)

\ s N i et e T "
never opefi. For example, if current -happens to

flow into terminal 1, it can find its way back to ter-
minal 2 either via S2 (if S2 is closed) or via S1 and
source Ey if S2 is open. Because one of the switches

is always closed, it is evident that Current 7 ¢afi al-

[ “ways circulaie, no matter whatits direction happens

 Terminal 1 is always () wit

o
|

Figure 21.64
Power can flow from Ey to Eq and vice versa.

to be. This is a crucially important feature of the
conver}lgn_lt__ig_r;alled a two-quadrant converter be-
cause current [ can flow In either direction, but the ™
Solarity of the dc voltage Ep remains fixed: |

h respect to terminal 2. -

Suppose we want to transfer dC pOWET frof ter-
minals E,, to a load such as a battery, whose dc
voltage Es; has a value E,\(Fig. 21.64)} Knowing
that E, is fluctuati ng while Eq-is-constant, it-s es-
sential to place  buffer between the two, otherwise
<hort-circuit currents will result. We could place a
resistor between points 1 and 3, but that would in-
volve I°R losses which would reduce the efficiency
of the converter. The best solution is to use an in-
ductance L as shown in Fig. 21.64. It has the ad-
vantage of opposing ac currgzlﬂglymile offering
no opposition to de. We assume that the load has a
small internal resistance R.

Suppose that both the voltage source Ey and the
duty cycle D are fixed. Consequently, the dc com-
ponent Ey between points 1 and 2 is constant. If Eg
is exactly equal to Ey, no dc current will flow and
no dc power exchange will take place. But.if Eq is
less than E; , a dc current.] will flow from terminal

1 into terminal 5. Its magnitude is given by
I, = (B — E)/R (21.23)

Power equal to B¢ f;, will, therefore, flow from ter-
minals 1, 2 toward the battery. This dc power can
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only come from the higher voltage source Ey. In
this mode of operation, with E, less than E;, the
converter acts like the step-down (buck) chopper
we covered in Section 21.37.

On the other hand, if E, is greater than E;, a dc
current /i, will flow out of terminal 5 and into ter-
minal 1. Its magnitude is I = (E, — E; )/R. Power
now flows from the low-voltage battery side EO to

the hIOhcr voltage smle Eﬁ,fn this mode of opera

& step up (boost) chr.:_pper

“The—mechanical switching system of Flg

21.63a is therefore able to transfer dc power in
both directions—from high-voltage side to low-

voltage side or vice versa. Again, because the cur- _

rent can reverse while the polarity of E; remains
the same, this buck/boost converter operates in
two quadrants,

Let us now examine the behavior of the con-
verter more closely, by means of an example.

Example 21-13 ; Peity .
The following data is given on a buck/boost con-
verter (Fig. 21.65): ;

Ey =100V E0:30V R 20 L=10mK

switching frequency =/ 0 kHz with a duty cycle
Dof02forSl IOns

Determine the followmg T

2. The value and direction of the dc current /;
b. The peak-to-peak ripple superposed on the dc
current

Solution

Referring to Fig. 21.65, the value of E; = DEy =
02X 100V=20V.

Because the battery voltage is greater than Ej , cur-
rent Iy, flows out of terminal 5 and into terminal 1.
Its average value is

IL=(0V-20V)20=5A
The duration of one cycle is
T = Lf = 1/20 000 = 50 ps

Thus, S1 is closed for a time 7, = 0.2 X 50 ps =
10 ps and/gls closed for 40 p.c;

e ——

(S us

D=02 ~=20kHz

Figure 21.65

. Circuit of Example 21-13.
i\'.--' r';‘\ \J/\'r.j

To determine the peak-to-peak ripple, let us ex-

“.amine the. situation when S2 is closed (Fig. 21.66),

Aa:;ummg the current i is momentarily equal to its
de value of 5 A, the voltage £, across the inductor
is equal to the battery voltage minus the IR drop in
the resistor: 30 V. — 5A X 2 O = 20 V. Knowing
that [ is flowing into terminal 4 and that terminal 4
is (+) with respect to terminal 1, it follows that Iy
must be increasing. The inductor accumulates volt-
seconds and during the 40 s that S2 is closed, the
magnetic “charge” totals 20 V. X 40 ps = 800
V-us. Therefore the current increases by an amount
Al = 800 V-ps/10 mH = 0.08 A.

Let us now see what happens when S1 is closed
and\{ is again momentarily 5A (Fig. 21.67). The

Figure 21.66
See Example 21-13.
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3 The current flowing into the battery would reverse
S, N and its value would become

i
- 45V -=30V)2Q0=175A
|
|
|

source toward the battery, causing the latter to
charge up. Under these conditions, the converter is

-1 s said to operate-in the buck mode. “Thus, the transi-
| open / ~fion from boost to buck can be effected very
'1\ (10 us) \smaothly by simply. varying the duty cycle.
______ Fig-21.65 can be considered fo be The mechanical
2 equivalent of a buck/boost chopper.
Figure 21.67

21.41 Two-quadrant
electronic converter

Figs. 21.66 and 21.67 show the direction of current
A flow-in-the case of a boost converter. ' If the convertér
| " operated in the buck mode, the ciirrents would follow
\the same paths-but in the opposite direction. With me-
chanical switches this creates no pmblem because
they can carry current in either direction. But in the
real world we have to deal with €lectronic switehes;
“which inherently carfy current in only one direction.
Therefore, in ordemo‘?ét‘ﬁ'dlrc,cuonﬂiﬁ diodes have
to be placed in antiparalle] with the respective semi-
conductor switches Q1 and Q2 (Fig. 21.69). The
switch contacts are shown with an arrowhead to indi-
Figure 21.68  cate the allowed direction of current flow. For exam-
ple {vhen current flows into termmmal 1, it can cor-
~tinue on to terminal 2 either by way of diode D1 and

voltage across the inductor is now 100 V — (30 —~ source Ey; or by way of 2 rowded QZ is closed.
IO}V _,BOY.but 1crmlm ismegative mm \“- Hﬁ..-d-y o Q p e ermes

See Example 21-13.

0 40 50 a0
—> time us

The volt-seconds chscharned dunng the 10 psinter-  yeeeecmmmeee-
val is 80 V X 10 us = 800 V-ps. The change in cur-
rent is A7 = 800 V-ps/10 mH = 0.08 A. ' Q1 -
We observe that the decrease in current when S1 +
is closed is the same as the previous increase when e
S1 was open. Consequently, the peak-to-peak ripple
is 0.08 A. The dc current fluctuates between 5.04 A St +
‘and 4.96 A (Fig. 21 68): Diréci-current power flOws™, ' Q2 / A D2 B
/'from the lower voltage battery toward the higher \
voltage source. The converter is said to function in /s
“the. boost mode. ;
Note that if 1thuw \,ycle were I"Ellbed to 0 45 the Figure 21.69

value of E; would increase to 100 X 045 = 45 V. Two-quadrant electronic converter

Direct-current power now flows from the 100 V/




o |

i
7
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Similarly if current flows out of terminal 1, it can take
the path through diode D2 or the path through Q1 and
Ey, provided that Q1 is closed,

__1In this figure,/ Q1 and DI together pm
xsﬁrne way as the mechamcal switch ST"Similarly;”
chanical switch §2. Fig. 21.69 therefore represents
the essence of a 2-quadrant electronic converter. If
a dc voltage Ey is applied between terminals 3 and
2, the converter generates a dc voltage E; between
terminals 1 and 2 and the relationship is is agaiy (E, 3‘\
DFH where D is ‘the duty cycleof QI. .~

N——TriE important to note that QT and Q2 cannot be
closed at the same time, otherwise a short-circuit
will result across source Ey. Thus, for a very brief
period, called dead time, both switches must be
open. The current is carried by one of the two diodes
during this instant,

Power can be made to flow from the higher volt-
age side to the lower voltage side or vice versa. The
power transported in one direction or the other de-
pends upon the respective voltages and the duty cy-
cle. The 2-quadrant converter of Fig. 21.69 is the ba
sic buﬂdmg block for most swztch mode conveners

21.42 Four—quadrant
dc-to-dc converter /

e

S
The 2 quadrant converter we have studied can only \
/bé ised with a load whose voltage has a specific po- .~
 larity. Thus, in Fig. 21.69, given the polarity of Ey,
“terminal 1 can only be (+) with respect to terminal
2. We can overcome this restriction by means of a
4-quadrant converter. It consists of two identical
2-quadrant converters arranged as shown in Fig.
21.70. Switches QI, Q2 in converter arm A open
and close alternately, as do switches Q3, Q4 in con-
verter arm B. The switching frequency (assumed. to
be 100 kHz) is the same for both The switching sc-}
.. quence is such _tba{ QI and” Q4 open and close si‘
multdneously Smniar]y, Q2 and Q3 open and close
simultaneously. Consequently, if the duty cycle for
Qlis D, it will also be_ 4. It follows that the
cduty cycle Torqz and gﬁb
“The dc voltage E,, appearing between terminals
A, 2 is given by

arm arm
A B
.'_"_". 3 e,
D Jml < Q37 (1-D)

© H1"

=D /) ek Ea

|
Y

Figure 21.70

Four-quadrant dc-to-dc converter.

E i DEH
The dc voltage Ey between terminals B, 2 is
Eg = (1 — D)Ey

The dc voltage E;; between terminals A and B is
the difference between E, and Eg:

ELLZEA_EB

o
Ok =DEy— (1—-D)Ey '

\_EL[ = EH (2 D = 1) (21 24)

Equation 21.24 mdlcates that the dc voltage is
zero when D = 0.5. Furthermore, the voltage
changes linearly with D, becoming/ +E;whenD =
(1, a ‘and —Eywhen D = 0. Thepolarity of the output
\«olﬁ?z? can therefore be either positive or negative.
Moreover, if a device is connected between termi-
nals A, B, the direction of dc current flow can be ei-
ther from A to B or from B to A. Consequently, the
converter of Fig. 21.70 can function in all four
quadrants.

The mstanrane%s_zgl—tgge{ Ea, and Eg, oscil-
Tate Constantly between zero and +Ey. Fig. 21.71
shows the respective waveshapes when D = 0.5.
Similarly, Fig. 21.72 shows the waveshapes when
D = 0.8. Note that the instantaneous voltage Eap
between the output terminals A, B oscillates be-
tween +Ey and —Ey. In practice, the alternating
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4-quadrant
de-to-de
converter

@ []
| Figure 21.74
i

Four-quadrant dc-to-dc converter feeding an active dc
source/sink £,.

EI | | v~ voltage level (hjgﬁwc;r low) and release it at another
b voltage level (low or high).-And it ‘performs this
_ “duty automatically, in response to the electronic
L switches and their duty cycle.

21.43 Switching losses

All semiconductor switches such as GTOs,
MOSFETs, and IGBTs have losses that affect their
temperature rise and switching efficiency. The
switches all function essentially the same way, but to
focus our analysis we assume the switching device
is a GTO. The switching operation involves four
brief intervals:

1. Turn-on time T,: The current in the GTO is
rapidly increasing while the voltage across it is
rapidly decreasing.

i : 2. On-state time T,: The current has reached a sta-

e ble value I, and the voltage Vi across the GTO

filisha is about 2 to 3 volts.

3. Turn-off time Ts: The current in the GTO is
rapidly falling while the voltage across it is
rapidly increasing.

4. Off-state time T,: The current in the GTO is zero
while the forward voltage is relatively high.

Thesumof T, + T, + Ty + T, is equal to the pe-
1 riod 7 of one cycle which, in turn, is equal to 1f,
il where f; is the switching frequency.

__P
7

switching
semiconductor

T} =turn-on time
Ty = on-state time
T'5 = turn-off time
T, = off-state time

D =duty cycle = 12
T

Figure 21.75a =
- Switching semiconductor and snubber. L.

During each interval the inslzu}éeous power
dissipated in the GTO is equal to tHe product of the
instantaneous voltage across it t}ﬁ'les the instanta-
neous current that flows through it. However, we
are mainly interested in'the average power loss dur-

/" ing one cycle because it determines the temperature /

| rise of the GTO/%I:: average power is equal to the

\'"”Eﬁ“é‘r‘g??ﬁéﬁfﬁféd in the GTO during one complete
cycle, divided by T.

It so happens that the voltage across the GTO is
substantial during the turn-on and turn-off periods,
being far greater than the on-state vol tage drop of 2
to 3 volts. As a result, the instantaneous power loss
during these intervals can be very high.

Fig. 21.75a shows a GTO with its anode, cath-
ode, and gate. In addition to the circuit that is be-
ing switched (not shown) d snubber is-connected

f\gg the GTO. A snubber is an auxiliary circuit com-

posed of R, L, C components (usually including
semiconduetor_devices) h_tl}ax
/ tude and rate of rise of the anode voltage Eax as

well as the anode current I Fle purpose of a
Mn"ﬁziamﬁmmﬁn and to reduce the
losses in the GTO.

Fig. 21.75b indicates the voltage, current, power,
and energy associated with each of the four intervals
of the switching operation. For example, during
stage T the instantaneous voltage across the GTO is
V), the instantaneous current is /;, and the average
power dissipated is P,. Consequently, the energy
dissipated during this stage is P, T, joules. On the
other hand, the energy dissipated during interval T
is zero because the current is nil.

o
o
=
=
=

o/
|

5
o
=
(=]
g
5
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I
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. :

+EH. :

Q' 5..10.. 1.5

20 us

Figure 21.71
Voltage output when D = 0.5. The average voltage is
zZero.

e
Figure 21.72
Voltage output when D = 0.8. The average voltage
E, is 0.6 Ep.
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3 A L
Iy L
+
4-guadrant ]
Ey deto-de | By A R
converter
L —
2 B
[}
]
Figure 21.73
Four-quadrant dc-to-dc converter feeding a passive dc
load R.

componems that appear between temlmals A B art‘ J

\\ﬁltered out’ Consequcntlv only the dc component
E remains as the active driving emf across the ex-
ternal device connected to terminals A, B.

Consider, for example, the block diagram of a
cmwcger feeding dc power to a passive load R (Fig.
MB power is provided by source Ey. As we
£n, the magnitude and polarity of E; canbe

varied by changing the duty cycle D. The switching
frequency f of several kilohertz is a assumed to be

ﬁﬂvh the inductance and capacitance can be small,
" thus making for inexpensive filter components.

The dc currents and voltages are related by the
power-balance equation Egyly = E, I We neglect
the switching losses and the small control power as-
sociated with the D and finput signals.

ig. 21 ?4 s'hows the converter connected to an
activé device I:O, which could be either a source or
a load. If need be, the polarity of Eq could be the re-
verse of that shown.

In all these applications we can force power to
flow from Ey to E, or vice versa, by simply ad-
justing the duty cycle D. This 4-quadrant dc-to-dc
converter is therefore an extremely versatile device.

The inductor L1s a cruc1a11y importanit part ofthe

_constant, hductor L and capacitor C act as filters so
!f" that the dc current flowing in the resistance has neg- /
N ligible npple,.Bcccluqe the switchin g frequmcv is '_

2 -5
%




