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6.5  THREE-PHASE INVERTERS

Three-phase inverters are normally used for high-power applications. Three single-
phase half (or full)-bridge inverters can be connected in parallel as shown in Figure 6.4a
to form the configuration of a three-phase inverter. The gating signals of single-phase
inverters should be advanced or delayed by 120° with respect to each other to obtain
three-phase balanced (fundamental) voltages. The transformer primary windings must
be isolated from each other, whereas the secondary windings may be connected in Y or
delta. The transformer secondary is normally connected in delta to eliminate triplen
harmonics (n = 3,6, 9, ...) appearing on the output voltages and the circuit arrange-
ment is shown in Figure 6.4b. This arrangement requires three single-phase transform-
ers, 12 transistors, and 12 diodes. If the output voltages of single-phase inverters are not
perfectly balanced in magnitudes and phases, the three-phase output voltages are
unbalanced.

A three-phase output can be obtained from a configuration of six transistors and
six diodes as shown in Figure 6.5a. Two types of control signals can be applied to the
transistors: 180° conduction or 120° conduction. The 180° conduction has better utiliza-
tion of the switches and is the preferred method.
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6.5.1

180-Degree Conduction

Each transistor conducts for 180°. Three transistors remain on at any instant of time.
When transistor Q, is switched on, terminal a is connected to the positive terminal of
the dc input voltage. When transistor Q, is switched on, terminal a is brought to the
negative terminal of the dc source. There are six modes of operation in a cycle and the
duration of cach mode is 60°. The transistors are numbered in the sequence of gating
the transistors (e.g., 123, 234, 345, 456, 561, and 612). The gating signals shown in
Figure 6.5b are shifted from each other by 60° to obtain three-phase balanced (funda-
mental) voltages.
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The load may be connected in Y or delta as shown in Figure 6.6. The switches o
any leg of the inverter (S, and S, 53 and S, or S5 and §;) cannot be switched on simul-
taneously; this would result in a short circuit across the dc link voltage supply. Simi-
larly, to avoid undefined states and thus undefined ac output line voltages, the switches
of any leg of the inverter cannot be switched off simultancously; this can result in
voltages that depend on the respective line current polarity.
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Table 6.2 shows eight valid switch states. Transistors Q1, Q6 in Figure 6.6a act as
the switching devices S1, §6, respectively. If two switches: one upper and one lower
conduct at the same time such that the output voltage is £V, the switch state is 1,
whereas if these switches are off at the same time, the switch state is 0. States 1 to 6 pro-
duce nonzero output voltages. States 7 and 8 produce zero line voltages and the line
currents freewheel through either the upper or the lower freewheeling diodes. To

generate a given voltage waveform, the inverter moves from one state to another. Thus,
the resulting ac output line voltages are built up of discrete values of voltages of V,, 0,

and —V,. To generate the given waveform, the selection of the states is usually done by
a modulating technique that should assure the use of only the valid states.

TABLE 6.2 Switch States for Three-Phase Voltage-Source Inverter (VSI)

State State No.  Switch States Y Vhe U Space Vector

5,.5;,and §, are on 1 100 Vs 0 =V WVi=1+j05T7T=2323%
and Sy, Ss, and §, are off

S5, 8y, and §, are on 2 110 0 Vi =¥ V; = jL15S = 2.3 290
and §;. S;. and 5, are ofl )

Sy, 84 and §; are on 3 010 -V Vs 0D WVy=-1+ 05T =23 215"
and 5;. §;, and S are off

84 5S¢, and S, are on 4 o1 -Vs 0 Vi Vy==1-=05T7=223.L210°
and §;, S5,, and 5 are off

S5, 54 and S, are on 5 001 0 -V Vi  Vy= —jlL155 = 2.3 £270°
and §,, 55, and S, are ofl

8. 5, and S are on 6 101 Vi =V 0 Vy=1-j05T7=223.2330°
MS;.S*IMS:II’EO"

Sy, 55, and S5 are on 7 11 0 0 0D W¥;=0
mdS;.S...mdS;mnﬂ o

S,..S.,.md.ﬁmnn 8 000 0 0 0 ?.-D
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For a delta-connected load, the phase currents can be obtained directly from the
line-to-line voltages. Once the phase currents are known, the line currents can be de-
termined. For a Y-connected load, the line-to-neutral voltages must be determined to
find the line (or phase) currents. There are three modes of operation in a half-cycle and
the equivalent circuits are shown in Figure 6.7a for a Y-connected load.

During mode 1 for 0 = wt < =/3, transistors Q,, Qs, and Q conduct
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During mode 2 for n/3 = wt < 2n/3, transistors Q,, Q,, and Q, conduct
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During mode 3 for 2n/3 = wt < m, transistors Q,, Q,, and Q; conduct
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The line-to-neutral voltages are shown in Figure 6.7b. The instantaneous line-to-line
voltage v, in Figure 6.5b can be expressed in a Fourier series,

Ve = 12°- + é (a, cos(nwt) + b, sin(nwr))

Due to the quarter-wave symmetry along the x-axis, both a, and a,, are zero. Assuming
symmetry along the y-axis at wt = /6, we can write b, as

e 2 it [t - () n(3)

which, recognizing that v, is phase shifted by w/6 and the even harmonics are zero,
gives the instantaneous line-to-line voltage v, (for a Y-connected load) as
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(b) Phase voltages for 180° conduction



Both v, and v,, can be found from Eq. (6.16a) by phase shifting v, by 120°-and 240°,

respectively,

- 4V,  nm . ( “l’)
we B (a3

- 2 Wy ( _1!)
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We can notice from Eqgs. (6.16a) to (6.16c) that the triplen harmonics (n = 3,9, 15, ..)

would be zero in the line-to-line voltages.
The line-to-line rms voltage can be found from

2 2=} » 12
V’-'[E?:A v,d(m)] -\Ev,-osmsv,

From Eq. (6.16a), the rms nth component of the line voltage is

v, . nm
VL.- % un3

which, for n = 1, gives the rms fundamental line voltage.

' 4V, sin 60°
Vi=n

The rms value of line-to-neutral voltages can be found from the line voltage,

Vi _ V2V,
\3 3

Vi = = 0.7797V,

V,= = 04714V,

(6.16b)

(6.16¢)

(6.17)

(6.18)

(6.19)

(6.20)



With resistive loads, the diodes across the transistors have no functions. If the load is
inductive, the current in each arm of the inverter would be delayed to its voltage as
shown in Figure 6.8. When transistor Q, in Figure 6,5a is off, the only path for the neg-
ative line current i, is through D,. Hence, the load terminal a is connected to the de
source through D, until the load current reverses its polarity at ¢ = r,. During the
period for 0 = ¢ = 1y, transistor Q; cannot conduct. Similarly, transistor Q only
starts to conduct at r = r,. The transistors must be continuously gated, because the
conduction time of transistors and diodes depends on the load power factor.

respect to v, Therefore, the instantaneous phase voltages (for a Y-connected load) are
et 4V (mr
3

VaN )sin(mot) forn=13,5,... (62la)

= 4y, -
U = 2 sin(-'-?)sin n(ow = ZT") forn=1,3,5, ... (621b)

= i\;;;’ sm( )smn(uw - %?-) forn=1,3,5, ... (62Ic)
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Dividing the instantaneous phase voltage v,y by the load impedance,
Z =R+ jnwl
Using Eq. (6.21a), the line current i, for an RL load is given by

< 4v, . nw | .
o = = - 6, 6.22
; a-lg"....[\/j[,m\/kz + (nwL)} 3 ]m(nw ) (632)

where 0, = tan™' (nwL/R).
Note: For a delta-connected load, the phase voltages (v,y, vy, and vy) are
the same as the line-to-line voltages (v, vy, and v,,) as shown in Figure 6.6b and

as described by Eq. (6.16).
Dc supply current. Neglecting losses, the instantaneous power balance gives
vs(0)iy() = vap(1)ig(t) + vne(t)in(t) + vea(t)ic(r)

where i, (1), iy(t), and i.(1) are the phase currents in a delta-connected load. Assuming
that the ac output voltages are sinusoidal and the dc supply voltage is constant
v,(r) = V,, we get the dc supply current

{\QV,. sin(wt) X V2I,sin(wt — 0;) }

if(t)y = —=¢ + V2V, sin(wt — 120°) X V2I,sin(wt = 120° - 6,)

Vil  + VAV, sin(et - 240°) X V2L, sin(wr — 240° — 0,)
The dc supply current can be simplified to
Vo Vo
I, =37 I, cos(8;) = V321, cos(6)) (6.23)

where /; = V31, is the rms load line current;
V,,1 is the fundamental rms output line voltage;
I, is the rms load phase current;
0, is the load impedance angle at the fundamental frequency.

Thus, if the load voltages are harmonic free, the dc supply current becomes har-
monic free. However, because the load line voltages contain harmonics, the dc supply
current also contains harmonics.




Example 6.4 Finding the Output Voltage and Current of a Three-Phase
Full-Bridge Inverter with an RL load

The three-phase inverter in Figure 6.5a has a Y-connected loadof R = 5 () and L. = 23 mH. The
inverter frequency is fy = 60 Hz and the dc input voltage is V, = 220 V. (a) Express the instan-
tancous line-to-line voltage v,,(r) and line current i (1) in a Fourier series. Determine (b) the
rms line voltage V;: (¢) the rms phase voltage V,.: (d) the rms line voltage V;, at the fundamental

frequency; (e) the rms phase voltage at the fundamental frequency V,,;; (f) the THD; (g) the DF;
(h) the HF and DF of the LOH; (i) the load power F,; (j) the average transistor current I,
and (k) the rms transistor current [, ).

Solution
Vi=20V,R=50,L=23mH, f;, = 60Hz, and w = 2w X 60 = 377 rad/s.

a. Using Eq. (6.16a), the instantancous line-to-line voltage v,,(r) can be written as

(1) = 242.58 sin(377r + 30°) — 48.52 sin (377t + 30°)
— 34.66 sin 7(377¢ + 30°) + 22.05sin 11(377t + 30°)
+ 18.66 sin 13(377t + 30°) — 1427 sin 17(377¢ + 30°) + ---

Z, =\/R + (noL)’/tan"'(nwL/R) = \/5* + (8.67n)*/tan"'(8.67n/5)

Using Eq. (6.22), the instantaneous line (or phase) current is given by

iy = 14sin(377t = 60°) — 0.64 sin(5 X 377t - 83.4°)
- 033 sin(7 X 377 — 85.3°) + 0.13sin(11 X 377 — 87°)
+ 0.10sin(13 X 377t - 87.5°) = 0.06 sin(17 X 377t — 88°) — ---

b. From Eq.(6.17),V, = 0.8165 x 220 = 179.63 V.
¢. From Eq.(6.20),V, = 04714 x 220 = 1037 V.
d. From Eq.(6.19),V,, = 0.7797 x 220 = 171.53 V.
e V=V, /Vi=90V.




From Eq.(6.19), V;, = 0.7797V;

(.-sil,_“vi‘)m = (Vi = Vi)' = 024236V,

From Eq. (6.8), THD = 0.24236V,/(0.7797V,) = 31.08%. The rms harmonic line volt-
age is

ta=[ &, (R -ooma

From Eq. (6.9), DF = 0.00941V,/(0.7797V,) = 1.211%.
The LOH iltllﬂ Eﬂh»"u - ;J}‘S. F.I'DIII Eq-. {'ﬁu?j, HF, = VLSWLl = ”5 = m‘ and
from Eq. (6.10), DF = (V,4/5°)/V;, = 1/125 = 0.8%.

For Y-connected loads, the line current is the same as the phase current and the rms
line current,

(14 + 0.64% + 0337 + 0,137 + 0.10° + 0.06%)"2
=
V2

The load power Py = 3[R = 3 X 991° x 5 = 1473 W.
The average supply current [, = P,/220 = 1473/220 = 6.7 A and the average transis-
tor current lp = 6.7/3 = 223 A.

Because the line current is shared by three transistors, the rms value of a transistor
currentis fp _ = I;/V3 = 991/V3 = 572 A.

i =991A




6.5.2 120-Degree Conduction
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In this type of control, cach transistor conducts for 120°. Only two transistors remain
on at any instant of time. The gating signals are shown in Figure 6.9. The conduction se-
quence of transistors is 61, 12,23,34,45, 56, 61. There are three modes of operation in one
half-cycle and the equivalent circuits for a Y-connected load are shown in Figure 6.10.

During mode 1 for = wt = w/3, transistors 1 and 6 conduct.
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During mode 2 for #/3 = wt = 2w/3, transistors 1 and 2 conduct.

V, V,
u.:f vhzo vmg-z'-

During mode 3 for 2n/3 = wt = 3w/3, transistors 2 and 3 conduct.

V, V,
Upn = 0 = —21 Uep = —?’
The line-to-neutral voltages that are shown in Figure 6.9 can be expressed in Fourier
series as
o Y onm ( 1:)
""'—,.&_”mr sin ==sinn{ wr + (6.24a)
& 2, . nw ( w)
Vpn “2”“”5111 3 sinn o =3 (6.24b)
- 2V, . nm . ( 71:)
Ven ._&“m‘ sin == sin | wt = (6.24¢)




The line a-to-b voltage is vy, = V3 v,, with a phase advance of 30°. Therefore, the in-
stantancous line-to-line voltages (for a Y-connected load) are

Vo = :1 Z\fﬂVsm( 3 )sinn(wt + ) forn=13,5 ... (625a)
k_lle\/?V, (”;):mn(w-g) forn=1,3,5 ... (6.25b)
v,,.-:lz‘;"’m( - )smn(w-ﬂ) forn=1,3,5 .. (625)

There is a delay of n/6 between the turning off Q; and turning on Q. Thus, there
should be no short circuit of the dc supply through one upper and one lower transis-
tors. At any time, two load terminals are connected to the dc supply and the third one
remains open. The potential of this open terminal depends on the load characteristics
and would be unpredictable. Because one transistor conducts for 120°, the transistors

are less utilized as compared with those of 180° conduction for the same load condition.
Thus, the 180° conduction is preferred and it is generally used in three-phase inverters.




Key Points of Section 6.5

* The three-phase bridge inverter requires six switching devices and six diodes. The
rms fundamental component V;; of the output line voltage is 0.7798V; and that
for phase voltage is V,,, = V,,/3 = 0.45V, for 180° conduction. For 120° conduc-
tion, Vp; = 03898V, and Vy, = 3 Vp; = 0.6753V,. The 180° conduction is the
preferred control method.

* The design of an inverter requires the determination of the average, rms, and
peak currents of the switching devices and diodes.




