Chapter 3

Switched Capacitor Ultra Sparse

Matrix Converter

3.1 Introduction

Ultra sparse matrix converter (USMC) doesn’t have any energy storage element at the
intermediate DC link section. However, it requires a protection circuit consisting of
braking capacitor and dissipating resistor [44]. In addition, USMC have load power
factor within ¢, = (0, Z). Moreover it has voltage transfer ratio of 0.866. With these
restrictions, USMC have not yet gained a popularity in industry applications. A con-
verter is proposed in this chapter which overcomes the above restrictions of USMC by
integrating switched capacitor network at intermediate DC link stage. Therefore, the
proposed converter is termed as switched capacitor ultra sparse matrix converter (SC-

USMC), which is shown in Figure.3.1.
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Figure 3.1: Switched capacitor ultra sparse matrix converter (SC-USMC)
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3.2 Operating modes

To operate SC-USMC, the behaviour of switched capacitor network need to be under-
stood. Figure.3.2 shows a switched capacitor network which consists of inductor, switch
S followed by a lattice combination of diode and capacitors. The switched capacitor
network is well known in DC-DC topologies [45]. The switched capacitor boosting

network has two operating modes namely (i) ON mode and (ii) OFF mode.
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Figure 3.2: Switched capacitor(SC) network

ON mode : This mode is achieved by holding switch S in ’ON’ position which
makes the inductor energised with V;, = L%, as shown in Figure.3.3. Simultaneously,
diodes D;, D5 are reverse biased connecting the capacitors in series via switch S. The

voltage across capacitors (C7, Cy) combine to enhance the DC link voltage to 2V.

Figure 3.3: SC during ON state

OFF mode : During this mode, the diodes Dy, D, are forward biased, configur-
ing inductor voltage in series with rectifier voltage V,,, as shown in Figure.3.4. The

inductor current acquires the path through capacitors (C, Cy) and inverter.

3.3 Steady State Analysis

The design and performance of the converter in terms of voltage gain is obtained using

steady state analysis. Considering three phase input voltages, as given in eq.(3.1),
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Figure 3.4: SC during OFF state

supply the converter
V., = Vi cos (2w f;t)
V, = V;cos (27 fit — 120°) (3.1)
V. = V; cos (2w fit — 240°)

where V; is the peak input voltage and f; is the input frequency.

For negligible power loss in the converter, using power balance approach.

= Input power supplied = Power after rectifier stage

312[}005@
— 5 = VonlL (3.2)
3%[}005@
L= 3.3
p 2IL ( )
3‘7imccos¢i
Vo = (3.4)

where m, = ]I—z = current modulation index, ¢; is the phase angle between V; and
I, which are peak input voltage and current, respectively.

Vyn acts as source to the boosting network. By considering capacitors (C1&C5) equal,
steady state expressions are obtained as follows:

During ON state (Figure.3.3) :

During OFF state (Figure.3.4):
AT
Vo=V = L2L (3.6)
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By applying energy balance theory across the inductor, the voltage across capacitor

can be derived as follows

(Ton + Tory) Von 3VAichos¢i
Ve ="Vpm = = 3.7
T 1—d_ 2(1—4d (8.7)
Ton
where d = T

Gain of switched capacitor network is

Vdc
B,. = 3.8
- (33)
Output voltage of the inverter section is
> ’UV C
y, = (3.9)

V3

where m,, is the voltage modulation index for the inverter stage.
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Figure 3.5: Timing waveform of Vg,

At the V. terminals, two voltage levels are possible i.e 2V, and V. corresponding
to ON and OFF mode of the switch S, as shown in Figure.3.5. By placing inverter
switching states for one cycle within 7, period of switch S gives eq.(3.10)

2V (d) T

Ve T,

=2V, (3.10)

If the inverter switching states for one cycle are placed during complete switching

period Ty, = Tpn + Tosy, €q.(3.11) is obtained

Ve T

=V, (1+d) (3.11)
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In case of eq.(3.10) modulation index of inverter is with respect to T,,, = dT, period
since one cycle of inverter switching states are placed in T,,. Where as in eq.(3.11)
modulation index of inverter is with respect to T,. Substituting eq.(3.10) and eq.(3.11)
in eq.(3.9), the possible output voltage is

. 2
g, = MoV _meVe o <my < d (3.12)
V3 V3

or

~ 1
ngwfordgmvgl (3.13)

V3
However eq.(3.13) has lower V, as compared to eq.(3.12), since V,(14d) < 2V,. Hence
to attain higher voltage gain at the output, eq.(3.12) is adopted for further discussion.

_ my2Ve

v, for m, < d 3.14
7 < (3.14)

By substituting eq.(3.26) in eq.(3.14)

—V, = ‘/gm(clm”‘g;“@ for m, < d (3.15)

Voltage gain (G) of Switched capacitor ultra sparse matrix converter is

VO \/gmcmvcosgzﬁi
G v 1—d) or m, < (3.16)

The voltage transfer ratio variation with respect to m, and d by keeping m. = 1 &
cos(¢;) = 1 for the converter is shown in Figure. 3.6. The gain (G) of the converter

acquires higher values as a function of duty ratio. Design of components is based on
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Figure 3.6: Gain variation
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choice of current and voltage ripple corresponding to output power P. From eq.(3.5)

and eq.(3.6), the inductor current and capacitor voltage ripples are calculated as follows

Al
L ( Tf) =V, (3.17)
_ Vind
A=yl (3.18)
A

I, = (20) Yo (3.19)

Togs

Ty, (1—d)I, (1—d)P

AV — _ — 3.20
¢ 20 2fswC 2fswc‘/pn ( )

3.4 Switching strategy

From controller point of view, this converter consists of three sections namely rectifi-
cation, boosting and inversion. To operate the converter, a well known space vector
modulation (SVM) technique is adopted in this chapter. Two types of SVM for SC-
USMC is proposed here.

3.4.1 Independent modulation technique for SC-USMC

An independent SVM algorithm consisting of rectifier section is operated using current
space vectors to control the sinusoidal current waveforms at the input. The inverter
section along with the boosting unit is operated by voltage space vectors to control
the sinusoidal voltage waveforms at the output. To get balanced AC output voltages
at the output of the inverter, the gating pulse for the boosting network is placed in
coordination with the inverter switching signals.

For producing rectifier gating signals, three phase currents are sensed at input
and is converted from three phase (i4, i, %.) to polar form I*/6;, where I* represents
magnitude of input current phasor, 0; represents angle of reference which gives the
exact position of phasor in space diagram. The current space vector diagram basically
consists of six sectors with each sector having a 60° degree variant and line currents
Lap, 1, of length \% x I, as shown in Figure.3.7. By projecting reference current phasor
I* on adjacent two switching states(or line currents), dwell timings d,,, d, and d, as

given by eq.(3.21) is derived.

46



Iaa: Ibb1 Icc

d . dy

2 2 M 2 2
TSW

Figure 3.8: Rectifier switching states placement

d, = m,.sin (sec tor (%) — Gi)
d, = m,.sin (Qi — % (sector — 1)) (3.21)

d,=1—-(d,+d,)

where m, = % is the modulation index of the current space vector and 6; is the angle

of the current space vector.

Space vector modulation have an advantage over shuffling the position of switching
states, for placement of zero vector, thereby minimum switching states are achieved.
The rectifier switching states are defined as shown in Figure.3.8.

The switching for boosting and inverter section are created using voltage space vec-
tor (VSV) diagram, as shown in Figure.3.9. From inverter point of view, output voltage
space vector have two different voltage levels i.e., {V.,2V.}. The V. is achieved by OFF
mode of switched capacitor network with corresponding active switching states V; — V5.
The 2V, is achieved by ON mode of switched capacitor network with active switching
sates V]! — Vi, Dwell timings d,, dg and dj are calculated by projecting reference out-
put voltage space vector (V*) on adjacent two switching states Vi & V5, as defined in

eq.(3.22).
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Figure 3.9: Voltage space vector (VSV) diagram

do = ™M, Sin (sector (%) — Qv)
dg = my.sin (6, — & (sector — 1)) (3.22)
do = do1 + dog = 1 — (do + dp)

Similarly considering dwell timings d;,dj and dg for dotted triangle as shown in Fig-

ure.3.9 are calculated and given in eq.(3.23)

1.sin (sector (%) — 6,)
dy = mj.sin (0, — 5 (sector — 1)) (3.23)

dy=1—d\ — d

1 _
d,=m

is the modulation index of voltage space vector, 6, is the

where m, = Y3l = BV
c

angle of voltage space vector, dy; and dyy are zero states of the inverter section. The dy;

corresponds to switch S-ON mode and dyy corresponds to switch S-OFF mode. Various

DTy e dT, (1-d2)Tsw
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2| 72 bl
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Figure 3.10: SC cascaded inverter switching states placement

patterns are possible for positioning active vectors and zero vector in a switching period.
Discussion is presented in [46], for choosing an optimum pattern. Figure.3.10 suggests
that over a period of one switching cycle, turn ON time of switch S is kept in middle
position (occupied by dy,, dj and dg), while half of turn OFF time (do) of switch S is
placed at the start and another half at the end of the total switching period (T, ). By
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Figure 3.11: Integrated modulation technique

placing switching states in this manner, symmetrical switching is attained over half of

the cycle. In addition to it higher voltage gain can be achieved.

3.4.2 Integrated modulation technique for SC-USMC

Since SC-USMC is to act as a single stage AC-AC converter, the rectifier, boost and
inverter sections have to coordinate with each other for every switching cycle. It is
possible either to superimpose VSV onto CSV or vice versa. By superimposing VSV
onto CSV, proposed integrated modulation technique (IMT) for sector 1 is shown in
Figure.3.11. In sector 1, VSV consists of 4 active vectors(Vy, Vo, Vi! and V3!) and zero
vector (Vp), while CSV consists of 2 active vectors(/y, I,.) and zero vector (1,,). By
superimposing VSVM on to CSV, active vectors of VSV occupies its position onto
active vectors of CSV. For the available current with magnitude of I, VSV vector
decides the magnitude of current to be drawn from the source. In Figure.3.11, the
region shaded with red indicates inverter switching operation during S-OFF region,
whereas blue indicates inverter switching operation during S-ON region. For boosting
network, it is inevitable either to eliminate S-ON or S-OFF mode. By having both

S-ON and S-OFF mode, three cases are possible for integrated modulation technique.

Case IMT 1

If one cycle of inverter active states are placed in S-OFF region which is T3 — T5 period
of Figure.3.5, it results a voltage boost of V. = V. = ﬁ * Vpn, with remaining time
period of T} — T3, inverter is operated with zero states. This results in a condition

such that modulation index of inverter and duty ratio of boosting network is related
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as m, < (1—d). Projections of reference current vector onto adjacent switching states

is defined by duty ratio which are calculated using eq.(3.24)

o = d,.de
dso = ds.dg
dsy = ds.dg

Zero vector d2; consists of combination of rectifier zero states with inverter active
vectors (like d}y = I,V1, I,,Va, .. where p € {a,b,c}), inverter zero states with rectifier
active states (like d'y = I,,Vo, I);V7, .. where p,q € {a,b,c},& p # q) and rectifier
zero states with inverter zero states (like I,,Vp, I,,V7, .. where p,q € {a,b,c})given in
eq.(3.6) .

di = d3y + dp + dzg

dy =dydy +dy,.ds + dy.di + dy.dy
dly =d,.d} +d,.dy

dly = ds.dy + ds.dy

(3.25)

Based on eq.(3.24) and eq.(3.25), Figure.3.12 is drawn

1
IPQVR dz1
P,Q ={a,b,c}
R ={0,7}

I abvl

Figure 3.12: IMT 1 with duty ratio’s

For one switching cycle, placement of switching states is shown in Figure.3.13.

00 [ 9] Q[ dn [ 02 |ah 0 [, [ o ] i [ Gy [Ou] 2]
al 214 lal2l2| 122|442 ]|4| 4
- TSW >

Figure 3.13: IMT 1 switching states positioning
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Case IMT 2

Similarly if one cycle of inverter active switching states are placed in S-ON region
during time 71-T3 (of Figure.3.5) and with remaining time period 73-T5 of inverter is
operated with zero state, a voltage boost of V. = 2V, = %d * Vo is achieved. This
results in a condition such that modulation index of inverter should be less than or equal
to the duty ratio of boosting network i.e., m, < d. Projections of reference current
vector onto adjacent switching states is defined by duty ratios which are calculated by

eq. (3.26) &eq. (3.27).

dy = d,.d}
dly = d,.dj (3.26)
di, = ds.d,
dly = ds.d}

d, =d +dyy+dys

doy = dyp.dl + dp.db + dyedo + d,.d} (3.27)

dyo = d,,.do + d,,.d}
d.3 = ds.dy + ds.d}
For one switching cycle, placement of switching states as given by the above

equations is shown in Figure.3.14 & Figure.3.15.

leoVe g
P,Q={ab,c} °
R ={0,7}

Figure 3.14: IMT 2 with duty ratio’s

Case IMT 3

In this case inverter active switching states are placed in part of both S-ON and S-

OFF modes during time T5-T} (of Figure.3.5). Remaining period of S-ON and S-OFF
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Figure 3.15: IMT 2 switching states positioning
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Figure 3.16: IMT 3 switching states positioning

states are occupied with inverter zero states. Projections of reference current vector
onto adjacent switching states is defined based on time period placement active vectors
percentage on S-ON state. By presuming 50% active vector placement on S-ON state

results a voltage boost of V. = % = 14d

= 2 % V,,,. The switching states positioning
are defined as shown in Figure.3.16. Moreover this case results in unbalanced output

voltage condition since inverter input is accommodated by two voltage levels 2V, & V..

Therefore, out of these three IMT schemes the voltage boosting in IMT 1, IMT 2
and IMT 3 are V. = ﬁ * Vi, Ve = l%d * Vi and Ve = }f—g * Vi, Tespectively. For
maximum output voltage, converter has been operated in case IMT 2.

Both independent and integrated modulation methods discussed above is appli-
cable to proposed converter SC-USMC, the main difference is integrated modulation

technique requires higher switching devices than independent modulation technique

due to its switching pattern.

3.5 Validation

In order to validate the proposed concept, switched capacitor ultra sparse matrix con-
verter is simulated in Matlab/simulink environment and same is implemented using
experimental test rig with the specifications as listed in Table.3.1. At first, the inde-

pendent modulation technique is implemented.
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Table 3.1: Parameters

Power 460W
Input Voltage, Vi (\R%

Fundamental line frequency, f; 50 Hz

Fundamental output frequency, f, | 100 Hz

Switching frequency, fs., 5kHz
Boost inductance, L 3mH
Boost Capacitance, Cy, Cy 290 pF

Input Voltage (V)
Input currents (A)

I I I I I I I 10
012 013 014 015 016 017 018 0.19 0.2

Time (sec)

Figure 3.17: Simulation results of input voltage and currents

T
7
vP“ V pn

0.8 0.185 019 0.195 0.2
Time (sec)

Figure 3.18: Simulation results of voltage at V,,,, and V.

3.5.1 Simulation results

The SC-USMC is supplied with peak input voltage of 70V, 50H 2z as shown in Fig-
ure.3.17. It draws a peak current of amplitude 5.8 A when rectifier section is operated
with m. = 1 and cos¢; = 1. As current modulation index given in eq.(3.4) sets to

unity, the average current flowing in inductor is same as that of the peak input current
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Figure 3.19: Simulation result of voltage at V. and inductor current
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Figure 3.20: Simulation results of capacitor voltages and switch voltage
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Figure 3.21: Simulation results of output voltages

drawn from the supply. The voltage produced at V,,, follows pattern of line voltages
with switching among them. Figure.3.18 shows the voltage V,,, after the rectifier stage.
Intermediate link voltage V,,, is boosted by the switched capacitor network with de-
fined duty ratio d = 0.5. As shown in Figure.3.19, boosting is 4 times during switch
S-ON mode and 2 times during switch S-OFF mode at the V;.. Maximum value of
Vae would be 420V as per eq.(3.9) and minimum value is 210V which is confirmed by
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Figure.3.18. During higher value of V., inductor stores energy there by current flowing
through inductor rises. Conversely, during lower value of V. inductor discharges its
stored energy to capacitors. The inductor current profile is shown in Figure.3.19. By,
eq.(3.26) voltage across capacitor would be 210V and voltage profile across switch S
jumps between 0 to 210V, with a frequency of 5kHz as shown in Figure.3.20. With
inverter modulation index operated at m, = 0.48 the peak output voltage according to
eq.(3.15) would be 116V, which is shown in Figure.3.21. Simulation setup of converter
could be operated to higher power rating, but to easily match and compare the simu-
lated results with the laboratory prototype results, specification of simulated converter

is kept same as hardware.

3.5.2 Experimental results

To assess the practical feasibility of the proposed converter, a test setup was imple-
mented as shown in Figure.3.22. Parameters having specifications for simulation was
used for experimental setup. Switches and diodes used in the setup were realised with

ST Microelectronics devices (STW33N60DM2 and ST PS60170CT).

Figure 3.22: Test setup

A peak input voltage of 70V is given to the converter. It draws a current of 5.68A
with total harmonic distortion (THD) of 5.41% which is close to IEEE standards, as

shown in Figure.3.23 and Figure.3.24. Due to current space vector switching, resultant
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intermediate DC voltage at V), terminals is shown in Figure.3.25. The dip in mean
voltage V,,, is around 4V due to inherent property of forward voltage drop in switching
devices. After rectification, intermediate link voltage is boosted by switched capacitor
network with predefined duty ratio d = 0.5. As per eq.(3.26) capacitor voltage should
have a value of V, = 210V however in experimental results it shows around 205V,
as shown in Figure.3.26. This difference in voltage is because of drop in rectified
voltage, which is carry forwarded through switched capacitor network. Figure.3.26
shows voltage at V. and inductor current /. The V. voltage is switching in between
410V and 205V. In addition, it shows spikes due to switching of inverter states. The
voltage across switch S is shown in Figure.3.27. Figure.3.28 shows the inverter output
voltages with switching states defined by SVM for m, = 0.48. Based on output voltage
equation eq.(3.15) experimental results in Figure.3.28 shows 110V at 100H z output

frequency.

Telk . Stop F Pos: 0.000s

/\/\/\/\/\
/N NLE A\

50V/d|v 5A/div

SHE ><7f>< S

008 r 10.0ms CHA -~
CH3 wertical poslllon —2 00 diwvs (—10.042

Fa

Figure 3.23: Experiment results of input voltage and currents

Tel . & Stop P Pos: 0.000s
CH3 THO-F S.41%
I RS 4.02248 THO-R 5.40%
Harmonic
Freq 43.9Hz #Fund A00.0%
hRMZ 40744 <5 0.00=
—_— o — -
EE = 3 4 S =] T g 9 10 11 12 13
CHZ 5.004 k1 10.0ms CH3

Figure 3.24: Input current THD

Operation with integrated modulation technique case IMT 2 results are shown in
Figure.3.29, Figure.3.30 and Figure.3.31. Both independent and integrated modulation
techniques proposed for SC-USMC are validated experimentally. It has been noticed
that integrated modulation technique requires higher switching frequency compared to

independent modulation. Moreover, independent modulation has additional benefit of
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as 100\V/div . 50V/div

14 +

CHT1 1004 kA 2.50ms CH1 .~
CH4 S0.0% 23—May-15 11:52 <10Hz

Figure 3.25: Experiment results of voltage at V,,, and Vg,

Tels P & Stop r Pos: —384.0ns
+
Vllc
WW
o 100v/div - 5A/div 4
CHT1 1004 kA S0.0Ls CH1 .~
CH3 5.004 23—May—15 11:59 =10Hz

Figure 3.26: Experimental results of voltage at V. and I,

Tek oLy & Stop I Pos: —354.0ns
-

g+

- 100Vv/div 50Vv/div 4

CH1 1004 M S0.00s CH1 .~
CH4 S0.0% 23—May—15 12:04 <10Hz

Figure 3.27: Experimental results of switch voltage and capacitor voltages

Telk Iy & Stop I Pos: —354.0ns
-
Vi Vy Vo
+ 4';
100Vv/div
CH1 100% CH2 100% kA S.00ms CH1 .~
CH3 100% 23—May—15 11:35 eSS

Figure 3.28: Experimental results of output voltages

producing balanced output voltage with unbalanced input voltage. In view of these
benefits independent modulation scheme is considered as a better option. Based on this

modulation scheme performance analysis of SC-USMC is presented in the remaining
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part of this chapter.

kA 5.00ms
CH3 100% CH4 S0.0% 26—PMay—15 1715

Figure 3.29: Experiment result of voltage at V,,, (50V/div) and Vg, (100V/div) using IMT

Tel WL & Stop b Pos: 00005
-+
Vac
| N N |
R RUARERR AN AR TR ARRA
kA 10005
CH3 100w 26—May—15 17:21

Figure 3.30: Experiment results of Iy, (5A/div) and voltage at V. (100V/div) using IMT

Tel LI & Stop b Pos: 0.000s

S+

kA 100us
CH3 1004 CH4 S000% 26—May—15 1724

Figure 3.31: Voltage across switch S (50V/div) and capacitor voltage V. (100V/div) using IMT

Step change in load variation

For assessing the proper operation of proposed converter subject to variation in load,
experiment is done. Step change in load of 50% produces a change in peak input
current from 4.8A to 6.2A, as shown in Figure. 3.32, keeping input power factor at
unity. However the voltage at V), terminals shows less impact towards change in load
variation. The inductor current increases to deliver power with respect to change in

load as shown in Figure. 3.33. Moreover the capacitor voltage decreases by 7V due to
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over step change in load. Any load variation through inverter switches is absorbed by
the two capacitors as shown in Figure. 3.34. In addition, output voltage level shows

variation of 8V as shown in Figure. 3.35

» Stnp P Pos: 0.000s

W\M nMMMMMMnM
HUTVNTVVYE

Step
CHI 5004  CHZ 5004 F4 50,0ms CHd &
CH3 5004  CH4 S000Y 20-Jun—13 2255 =10Hz

Figure 3.32: Input cwrrents (5A/div) during step change

Tek - & Stop k4 Pos: —60.00rms

2¥ IL

RO T

AT
5 Step
CH1 Z.004 CHz2 50.0% r4 S0.0ms CH4a -~

20—Jun—=15 2310 =10Hz

Figure 3.33: Inductor current Iy, (2A/div) and Vj,, (50V/div) during step change

Tek - & Stop 4 Pos: —35.00ms
+
\/(’i
R | SN SRR
b Step <
CH1 S0.0% r 25.0ms CH1 271
20—Jun—15 2304 <10Hz

Figure 3.34: Voltage across capacitor (50V/div) during step change
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Telw I & Stop M Pos: —30.00ms
-

o,

Step

CH2 50,0 k1 25.0ms
CH3 S0.0% 20—Jun—18 2252

Figure 3.35: Output voltages (50V/div) during step change

Unbalanced input voltages

In power system, unbalanced input voltages occurs when external fault condition arises
due to worn out of insulation material and common single phase ground fault. To ob-
serve the behaviour of proposed converter under voltage unbalance the input voltage
is decreased by 15% in one phase and 30% in another phase, as shown in Figure.3.36.
Under balanced condition, loci of input voltage is a circle whereas for unbalanced con-
dition it is ellipse in shape. Figure.3.38 shows the loci of input voltages and output
voltages with balanced (blue color) and unbalanced input (red color). Even with unbal-
ance input supply, proposed converter delivers balanced output voltage. With decrease
in magnitude of input voltage, the output voltage remains balanced but with decreased
magnitude, as shown in Figure.3.36 & 3.39. This is achieved by maintaining the con-
trol parameters (m.., cos¢;, m, & d) constant. By observing the operating modes of
SC-USMC, it can be noticed that inductor stores energy in the form of magnetic field
during ‘S’ ON period, concurrently capacitors are delivering stored energy to the load.
During ‘S’ OFF period, conversion of energy is taking place in the form of magnetic
field to electric field. Thereby any voltage disturbance in input is suppressed during
this conversion process, which leads to the production of balanced output voltages.

This confirms robustness of the proposed converter

Load power factor variation

USMC is a unidirectional power flow converter. Corresponding to unity power factor
at input, it restricts minimum load power factor angle to 30°. Without the protection

circuit, converter goes beyond operating range during transients and regenerative load
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CH3 20.0%

1G—Jun—15 15:27

CHS + -
S0.0255F

Figure 3.36: Unbalanced input supply voltages (20V/div)

Telx PO

a Stop M Pos: 1.000ms
-

ININNING

0

H’,,
CHS S0.0%

i)
n

L0 1 5.00ms

A5—Jun—13 1523

Figure 3.37: Output voltages (50V/div) during unbalanced input supply

conditions. Loading for USMC could be permanent magnet synchronous motor which
posses the power factor value around unity or specially designed induction motors
having power factor angle upto 30° at rated slip. However in general, power factor for
induction motors used in industries lies in the range of 0.6 — 0.855 when operated at
rated slip as reported in Figure. (2) of [47]. Due to this, USMC is not a viable solution
for induction motor loading. With the presence of capacitors connected across the
input of the inverter in SC-USMC, the reverse currents generated during regenerative

operation could be absorbed. Operating range of load power factor for SC-USMC
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Figure 3.40: Switching states of SC-USMC

depends upon the rating of the capacitor used. For designed value of C' = 290 F used
in this chapter the load power factor angle range is extended up to 80°, thereafter

presence of imbalance in load currents is observed.

3.6 Common mode voltage analysis for SC-USMC

Common mode voltage analysis is an important consideration especially in case of driv-
ing motor loads. Insulation breakdown and bearing failure are main effects of excessive
common mode voltage. In this section common mode voltage analysis for SC-USMC
is done assuming converter is driving the RL load. Following discussion is restricted
to sector 1 which constitutes of active states (d.,,, ds,, dja, by, dua, dsar dgas dpa) and
zero states (d,,dl). At an instant when converter is applied with state d}m as shown
in Figure.4.8(a), the voltage at node X can be written as Vx = Vg + V. with respect
to ground G. Similarly at nodes Y and Z calculated as Vi, =V =V, & V; =V =V,

respectively. The voltage across phases of RL can be written as
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Vx = Rxix + Lx %X 4+ Vyg
Vy = Ryiy + Ly %¥ + Vye (3.28)
Vz = Rziz + Lz% + Vg
where Rx & Ly are referred as load resistance and inductance.
Solving above equation by considering balanced three phase load, the common

mode voltage (Viyg) can be written as

VNG = W (329)

On substituting Vx = Vg + V., Vy = Vg — V. & V; = Vg — V_ in above equation gives

3V — V.
Vg = BT (3.30)

Similar analysis done on different switching states (Figure.3.40) which are calculated

and given as

dis = Vg = B
dj, = Vg = Hete
dig = Vva = 557
dyo = Vg = 2B
dus = Ve = 25 (3.31)
djl)a = VNG == 3VA3 Ve
dys = Vg = 5457
dpa = Vng = 3VA?)—+%
dys = Vg = 3VA;—2VC

It can seen from above eq.(3.30)-(3.31) that the common mode voltage of proposed
converter is depends upon the magnitude of input phase voltage (Va, Vg, V), capaci-
tor voltage (V.) value and switching pattern. Figure.3.41 shows an example of common
mode voltage variation corresponding to change in duty ratio by keeping other param-
eters constant. The peak value of Vg increases as duty ratio increases. By careful
selection of sequence of switching states in a switching period, the d‘igc is controlled,

which is the main cause for insulation breakdown of the load. With a predefined

modulation technique(pattern), common mode voltage of a SC-USMC is controlled by

3‘7imc CoS @;

controlling capacitor voltage V, = 20-d)
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Figure 3.41: Vg voltage variation

This section presents basic idea about common mode voltage calculations as a
base for future research work on common mode voltage reduction in the proposed

converter.

3.7 Comparative analysis

The impedance source (Z source) matrix converters gained lot of attention by overcom-
ing the inherent limitation of voltage gain and power fluctuations. In this section, pro-
posed converter is compared with impedance source ultra sparse matrix converters. The
impedance source network consists of L. and C elements connected in the form of lattice
network which acts as boosting circuit. By placement of different impedance networks
at input stage or at intermediate stage in indirect matrix converter various topologies
are produced. Locating impedance source network at input supply side of an indirect
matrix converter resulted in ZSIMC [27], qZSIMC with discontinuous input current,
qZSIMC with continuous input current [48], LC filter integrated qZSIMC [49] topolo-
gies. Topologies that are having impedance source network incorporated at input side
results in limitations such as more number of passive elements and input filter elements,
additional bidirectional switch for each phase and requirement of higher rated devices
(including both rectifier and inverter switches). To overcome the aforementioned lim-
itations, researchers focussed on locating impedance networks at intermediate stage.
This resulted in cascaded Z source ultra sparse matrix converter (CZ-USMC) [30]- [50],
series Z source ultra sparse matrix converter (SZ-USMC) [34], Quasi Z source ultra
sparse matrix converter (QZ-USMC) [51] and switched inductor Z source ultra sparse

matrix converter (SWZ-USMC) [31]. So, impedance source network placement at inter-
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Figure 3.42: Boosting vs duty ratio Figure 3.43: Maximum gain vs duty ratio

Table 3.2: Gain variation

Boost | Maximum modulation index (m, < (1 — D)) Maximum Gain (Gnaz)
B | CZ,SZ,QZ-USMC | SWZ-USMC | SC-USMC | CZ,SZ,QZ-USMC | SWZ-USMC | SC-USMC
12 0.541 0.702 0.833 5.622 7.29 8.656
10 0.550 0.709 0.800 4.763 6.13 6.928
8 0.562 0.720 0.750 3.893 4.98 5.196
6 0.583 0.736 0.666 3.029 3.82 3.460
5 0.600 0.750 0.600 2.598 3.24 2.598
4 0.625 0.769 0.500 2.165 2.66 1.732

mediate DC link section of ultra sparse matrix converter are chosen as common ground
for comparative analysis. Except SWZ network, remaining Z networks are having a

common boosting factor Boy = Bsz = Bz = while the boosting achieved by

e
SWZ network is Bsy z = 1% and Boosting factor for SC (switched capacitor) network
is Bsc = ﬁ. Their characteristics for boosting factor are shown in Figure.3.42. For
same boosting factor (B) of CZ, SWZ source or Switched capacitor network as shown
in Figure.3.43, the overall maximum gain (G,,q,) at the output terminals are different
as mentioned in Table 3.2. It is shown that the maximum modulation index achieved
by inverter in CZ-USMC, SZ-USMC, QZ-USMC and SWZ-USMC is m, < (1 — d),
where as in SC-USMC m, < d. By considering B = 8, the maximum modulation in-
dex for CZ-USMC is 0.562, SWZ-USMC is 0.720 and for SC-USMC is 0.750, therefore
the overall gain for CZ-USMC, SWZ-USMC and SC-USMC are 3.893, 4.98 and 5.196,
respectively. As desired gain increases beyond 6, the SC-USMC delivers higher volt-
age than CZ-USMC, SZ-USMC, QZ-USMC and SWZ-USMC. Moreover, the boosting
curve for Switched capacitor network has more linear region than other impedance

source networks, which is beneficial under wide range of load variations.

A comprehensive comparison of the proposed converter and contemporary con-

65



15

czQz-Cc1
sz Qz-C2
sw

sc

10

0 0.2 0.4 0.6 0.8 1
Duty ratio (d)

Figure 3.44: ‘Z"n vs duty ratio

verters are listed in Table 3.3. The voltage stress across capacitors are shown in Fig-
ure.3.44. Except SZ-USMC, for CZ-USMC, QZ-USMC and SWZ-USMC the capacitor
voltage requirements are higher than SC-USMC as the duty ratio increases. To deliver
maximum gain at output voltage CZ, SZ and QZ source networks need to operate
around d = 0.4 (Figure.3.44), while SWZ source network need to operate around
d = 0.3 . Due to increased slope variation around this operating point, precise control
of duty ratio is required by having higher sampling rate processor. On the other hand
in SC network having a more linear region, cost effective lower sampling rate processor
may be used. Moreover, SC network utilises higher modulation index when higher
gain is desired compared to other impedance source networks. In CZ source network,
there is inrush current problem at starting, this was later reduced in SZ and QZ source
networks. Inrush happens with switched capacitor network but is lower in magnitude,
since both inductor and switch comes in action at starting. In addition the number
of passive elements required for implementation of switched capacitor is one less than
other impedance source networks at the expense of one extra switch, as listed in Ta-

ble 3.3. For deciding the inverter switch ratings, CZ-USMC, SZ-USMC, QZ-USMC

Table 3.3: Comparison table

Converter Gain Capacitor Voltage No.of passive elements | No. of diodes ‘ No. of switches
CZ-USMC | G = Yipemucons Vor = Ves = §53Vim 4 18 9
SZ-USMC = Lmamecsny V(1 = Vor = 595 Vine 4 19 9
QZUSMC | G =Ymemse 1y, = LD, vm gy Vimt 4 19 9
SWZ-USMC | G = Y2(thimepmucone Ver = Vs = (& w)vf,,, 6 24 9
SC-USMC G = Limemsony Vor = Ves = gy Vime 3 20 10

and SWZ-USMC have to consider both higher current rating (due to shoot through
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current rating of a switch) and voltage ratings, where as for SC-USMC the switch rat-
ing is mainly based on voltage rating (because of 2V, at inverter input terminals) with
nominal load current rating. Efficiency plot for SC-USMC and other converters are
simulated with output power rating of 500\, diode forward voltage rating is chosen
as 0.1V and switches Rpg(on) value is chosen as 0.01€2 under similar loading condition
for a constant input voltage, as shown in Figure.3.45. Over a range of voltage gains,
SZ-USMC shows better efficiency at lower gains upto 2 where as SC-USMC shows
improved performance at higher voltage gains. The maximum efficiency achieved by

SC-USMC is 87% at voltage gain of 2 times the input.
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Figure 3.45: Efficiency Vs maximum gain (Gaz)

3.8 Conclusion

This chapter proposes enhanced voltage gain for ultra sparse matrix converter. By
utilizing the idea of switched capacitor network, a modification is made to integrate it
within USMC. This modification overcomes the inherent limitations of USMC without
compromising on input and output THD performances. While analysing the boosting
operation, experimental results are found to be in agreement with simulation and ana-
lytical calculation. The proposed topology has potential in terms of overall gain, linear
operating region, design parameters and efficiency as compared to the contemporary
converters.

Though SC-USMC utilises only three passive elements, one extra switch and two
extra diode are required. For minimising the number of passive elements, enhanced

EMI immune capability and to maintain voltage gain higher than unity switched boost
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network based USMC is proposed in the next chapter.
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