2498

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 32, NO. 4, APRIL 2017
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Abstract—This paper proposes a modulation method for a full-
bridge three-level LLC resonant converter. The target converter
is known to enable fixed frequency operation, small resonant in-
ductance ratio, and zero-current switching operation of rectifier
diodes under wide output-voltage variation. Therefore, it is suitable
for an application such as in battery chargers. A new parameter
named “master duty,” which determines each voltage-level duty,
is introduced to this modulation method. It simplifies the modula-
tion method; therefore, a modification of the modulation is easy. It
also makes possible seamless handling of two-level, three-level, and
mixed modes. The modulation method is represented by the rela-
tionship between the master duty and each gate-pulse edge position.
This representation can clearly depict a complex modulation such
as a combination of pulse-width and phase-shift modulations. The
voltage gain of the converter is analyzed using the first-harmonic
approximation technique. The result of the analysis is verified by
the circuit simulation. The voltage gain is also analyzed using lossy
components, which is verified by the experimental result. A 385-V
input 225- to 378-V/6.6-kW output prototype converter is fabri-
cated for this verification. It shows 98.14% peak efficiency, and its
power density is 1036 W/L.

Index Terms—First-harmonic approximation (FHA), LLC, mod-
ulation, resonant converter, three level.

NOMENCLATURE
Cint, Cine Input capacitors.
Cr Resonant capacitor and its capacitance.
D1-Dg Body diode of Q;—Qg.
Dc1, Dco Clamp diodes.
Q:1-Qqy Three-level leg switch.
Qs5, Qs Two-level leg switch.
Lpr Primary resonant inductor and its inductance.
Lpo Secondary resonant inductor and its inductance.
Ly Magnetizing inductance.

n Transformer turns ratio: turns/

secondary turns.

Primary

Vin, Eix Input voltage, fundamental component of Vi .

Vout, Eour Output voltage, fundamental component of
Vour.

M Normalized output voltage: nVour /Vin.
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IouT Output current.
J Normalized output current: Iout /(nVin/Z0).

Rout Load resistance.

Icr Current of Cp.

Itsgc Current of transformer secondary winding.

Vas Output voltage of the full bridge circuit.

Vor Voltage of C'y.

Ir Resonant  frequency:  1/(27/Cr(Lg1 +
n?L R2 ) ) .

fsw Switching frequency.

Iy Normalized switching frequency: fsw /fr-

A Primary inductance ratio: Ly /Ly;.

Ao Secondary inductance ratio: n> Lg» /L.

Zo Characteristic impedance: V(Lr1 +
TL2 L R2 ) / C R-

Q Quality factor: Zp /Rac.

Rac Reflected Royr : 8n? /71'2 * Rour.

Rp,pp Primary loss component resistance, normalized

Rp.

I. INTRODUCTION

N recent years, electric vehicles (EVs) have been commer-
I cialized to meet the market demand of reducing fossil-fuel
consumption and greenhouse gas emissions. These EVs, such as
plug-in hybrid EVs and pure EVs, install a rechargeable battery
pack and an on-board charger. Therefore, car drivers can charge
the battery pack through an ac power outlet. The main challenge
of an on-board charger is to attain a high power density; thus, a
high-efficiency power conversion is necessary to achieve it.

The power architecture of an on-board charger in a 3- to
6-kW power range usually includes an ac—dc converter with
power factor correction (PFC) followed by an isolated dc—dc
converter. The PFC converter improves the quality of the input
current and regulates its output voltage. The dc—dc converter
charges the battery pack with the required charging current and
provides isolation between the utility mains and the battery
pack.

The power conversion efficiency of both converters should
be improved to maintain high total efficiency of the on-board
charger. The considered major feature is to improve the dc—dc
converter efficiency because improvement of a nonisolated PFC
converter is comparatively easy.

Among the various dc—dc converter topologies, the LLC con-
verter is widely used owing to its advantages, such as zero-
voltage switching capability of each main switch from zero to
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full load without an auxiliary circuit, zero-current switching
(ZCS) capability for rectifier diodes, and integration of two in-
ductors into a single transformer. However, when output-voltage
range is too wide, the rectifier diodes cannot achieve ZCS op-
eration, and the voltage spike occurs. In addition, a too wide
frequency range makes the optimization of the converter to be
difficult. A design methodology is researched to avoid such dis-
advantage [1], [2]. As a result of this design method, a large
resonant inductance ratio is selected. This large ratio causes a
large magnetizing current; therefore, a large conduction loss
occurs at the MOSFETS and transformer.

In the field of high-voltage power conversion, a multilevel
converter that can reduce the voltage stress of the switching
devices is proposed [3]-[8]. A combination of the LLC con-
verter and a three-level conversion technique is also proposed
[9]-[12]. The hybrid full-bridge three-level LLC resonant con-
verter [13]-[15] can solve the above-described problem of the
LLC converter. This converter integrates the advantages of the
LLC converter and the three-level conversion technique. The
conduction loss of the converter can be reduced by the three-
level conversion circuit because low-voltage-rating power semi-
conductors can be used. In addition to such advantages, it can
control the output power at a fixed frequency despite the LLC
converter, and its rectifier diodes have a ZCS capability under
wide output-voltage variation.

The control strategy of [ 13] uses a variable duty, and it can op-
erate at a fixed frequency. However, using the graph of the volt-
age gain to design the converter parameters is difficult because
it lacks versatility and the analysis uses a numerical method.
The result of the analysis in the two- and a three-level modes is
separately provided, which also makes the result difficult to use.

A fixed duty is used by the control strategy in [14], and
it selects a two- or a three-level mode depending on the output
voltage. Therefore, it cannot operate in a fixed frequency. It uses
frequency modulation in combination with mode selection.

Wei et al. [15] does not operate in a state in which a full-
bridge circuit outputs half of the input voltage to control the
output power. It uses frequency modulation only. Therefore, it
is the same as the conventional two-level converter from the
perspective of control strategy.

This paper proposes a modulation method for a full-bridge
three-level LLC resonant converter. It uses a variable duty and
can operate at a fixed frequency. A parameter named “master
duty” is introduced, which can seamlessly handle two-level,
three-level, and mixed modes. The voltage gain can be cal-
culated from the master duty and other normalized parame-
ters unlike conventional numerical method. Because it is ana-
lyzed using the first-harmonic approximation (FHA) technique
to design the converter parameters. The proposed modulation
method is represented by the relationship between the mas-
ter duty and each gate-pulse edge position. This representa-
tion clearly depicts a complex modulation such as a combi-
nation of pulse-width and phase-shift modulations. Moreover,
configuring this modulation method is possible by changing
this relationship. Therefore, the modulation method is expand-
able. The configured modulation method, which is suitable for
the drive circuit using a bootstrap circuit, is also presented in
this paper.
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Fig. 1. Full-bridge three-level LLC resonant converter.

The circuit configuration and modulation method are de-
scribed in Section II. In Section III, the voltage gain of the
converter is analyzed by the FHA technique using this mod-
ulation method for the designer convenience. To confirm the
validity of the analysis, a 6.6-kW prototype converter is fab-
ricated, and the experimental results are shown in Section IV.
The specification of the prototype converter is defined to ensure
that it can be used in an on-board charger. The input voltage of
the converter is 385 V, which is assumed as a minimum point
of the output voltage of the PFC converter with a voltage ripple.
The output-voltage range of the converter is from 225 to 378 V,
which is assumed as a lithium-ion battery pack voltage with 90
cells in series and has a 4.2-V/cell charge cutoff voltage and a
2.5-V/cell discharge cutoff voltage. The rated output power of
the converter is 6.6 kW, and the rated output current is 22 A.

II. OPERATING PRINCIPLE

A. Relationship Between the Full-Bridge Output Voltage and
Each Gate Pulse

Fig. 1 shows the target converter of the proposed modulation
method. The voltage between points A and B in Fig. 1 is the
output voltage of the full-bridge circuit. This voltage (Vip) is
the input voltage of the LLC resonant tank, and higher Vap gen-
erates more energy through the LLC resonant tank; lower Vg
obtains less energy through the LLC resonant tank. Therefore,
Vap needs to be controlled to regulate the output power.

The absolute value of Vi can be selected from zero, Vix /2,
and Vin. Fig. 2 shows the relationship between the Vjp and
each gate pulse. We assume that the voltages of Cin; and Cixo
are regulated to be Vin /2. The duty of the Vin /2 voltage level
should be varied to balance the voltages of Cix; and Cing
because current flows to Cyy or Cixe when Vyp is equal to
+Vin/2.

In a light or low-voltage load case, the absolute value of
Vag is selected from zero or Vix/2, as shown in Fig. 2(a),
which is a two-level mode. In heavy and high-voltage loads, the
absolute value of V3 is selected from Vix /2 or Viy, as shown
in Fig. 2(b), which is a three-level mode. The mixed mode shown
in Fig. 2(c) can be used if necessary. The output power can be
regulated by the modulation of each duty of zero, Vix /2, and
Vin. Fig. 2 shows the edge position of the gate pulses that must
be varied to control Vag.
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Fig.2. Relationship between the full-bridge output voltage V4 g and each gate
pulse. (1) Time, (2) edge position, (3) proposed modulation, and (4) modified
modulation. (a) Two-level mode. (b) Three-level mode. (¢c) Mixed mode.

B. Modulation Method

The conventional modulation method described in [13] uses
pulse width modulation for Q; and Q, in the three-level mode
applied in heavy and high-voltage loads. It uses phase-shift
modulation for Qs, Q3, Q5, and Qg in the two-level mode applied
in light or low-voltage load. In the three-level mode, the shifted
phase is fixed, and in the two-level mode, the pulse width of Q;
and Qy is zero. Fig. 3(a) shows the transitions of the leading and
trailing edges of each gate pulse. In this figure, the dead time
of each gate pulse and the small fixed-shift phase are omitted to
facilitate understanding of the modulation method. The values
of the edge position are 0% at the start of the switching period
and 100% at the end of the switching period. They are shown in
Fig. 2.

A problem arises in the fact that the conventional modulation
method cannot handle the two- and three-level modes in the
same manner, which makes the analysis of the three-level LLC
resonant converter difficult. Therefore, this paper proposes a
modulation method that introduces the parameter “master duty.”
The master duty determines each voltage-level duty, and the
modulation method is defined by the relationship between the
master duty and the position of the leading and trailing edges
of each gate pulse, as shown in Fig. 3(b). Each edge position is
calculated using the simple equations listed in Table I, and can
be calculated in the same manner even under different modes, as
shown in Fig. 2. The difference in the form between the conven-
tional and the proposed modulation methods is only the leading
edge of the Q; and Q4 gate pulses. When V) is zero, resonant
current flows through D; or D, if conventional modulation is
used, and it flows through Q; or Q, if the proposed modula-
tion is used except a short transition time. This operation is the
same with the synchronous rectification. Therefore, the circuit
operation of the proposed modulation is the same as that of the
conventional modulation.

A problem in the proposed modulation arises if the Qs drive
circuit uses the bootstrap power-supply technique because the

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 32, NO. 4, APRIL 2017

on-duty of the Q4 gate pulse is zero when the master duty is
50%. This problem can be solved by modifying of the proposed
modulation, as shown in Fig. 3(c). The minimum on-duty of the
Q. gate pulse is 16.7% in the modulation method, as shown in
Fig. 3(c), and no problem arises if the bootstrap power-supply
technique is used. The mixed mode occurs when the master duty
is greater than 40% and less than 60%.

III. CHARACTERISTICS OF THE THREE-LEVEL LLC CONVERTER
USING THE PROPOSED MODULATION METHOD

The FHA technique is often used to analyze the characteristics
of aresonant converter [16], [17], [19]. The FHA is based on the
assumption that power transfer from the input to the output is
essentially due to the fundamental Fourier series components of
the currents and voltages. The normalized parameters are used
in the analysis in consideration of general versatility. They are
defined in the nomenclature section.

A. Analysis by FHA

The equivalent circuit shown in Fig. 1 by the FHA is
shown in Fig. 4. From Fig. 4, nEoyt is calculated using
Cr,Lg1,Lgo, Ly, Rac,and Erx. The transfer function is an-
alyzed in [18], and the result is expressed as

nEour
Enx
1
2 2
Jlen - 2) v (e ) - 2)

(€]

Eopyr is the voltage fundamental component of a square
waveform whose amplitude is Vouyt. Therefore, Egyr is equal
to 4Vour/m.Eix is the voltage fundamental component of
waveform Vip shown in Fig. 2. Therefore, the value of Eiyn
is calculated by (2) in the three-level mode using the proposed
modulation, and it is calculated by (3) in the two-level mode
using the proposed modulation, where “D” in (2) and (3) rep-
resents the “master duty.” Equations (4)—(6) show the value of
Fin in the three-level, mixed, and two-level mode, respectively,
using the proposed modified modulation method. The procedure
to derive (2)—(6) is described in the Appendix. We assumed that
the short-term Vi voltage level can be neglected in two-level
mode

Vi
Enx = —X/10 + 6cos 2D 2)
™
Vi
FEin = N /2 " 2cos 27D 3)
™
Vi 5 5
En = —24/10+ 3cos =7D — 3V/3sin=xD  (4)
T 3 3
Fix = Y5 /5 9c0s 2nD — 2/3sin2nD (5
s 3 3
Vi 5
En = —X4/2—2cos SaD. (6)
T 3
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The voltage gain M of the proposed modulation is obtained

from (1)—(3)
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The voltage gain M of the modified modulation is obtained

from (1) and (4)—(6)
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TABLE I
EQUATIONS OF THE GATE PULSE EDGE POSITION

Switch  Edge selection Edge position
Proposed modulation Modified modulation
Q Leading Edge min(0.5, D) min(0.5, 5/6 x D)
Trailing Edge max (0.5, D) max(0, 5/6 x D + 1/6)
Q2 Leading Edge min(0.5, D) min(0.5, 5/6 x D)
Trailing Edge min(1, D + 0.5) min(1, 5/6 x D + 0.5)
Q3 Leading Edge min(1, D 4 0.5) min(1, 5/6 x D + 0.5)
Trailing Edge min(0.5, D) min(0.5, 5/6 x D)
Qy Leading Edge min(1, D + 0.5) min(1, 5/6 x D + 0.5)
Trailing Edge max(0, D - 0.5) max(0, 5/6 x D - 2/6)
Qs Leading Edge 0 0
Trailing Edge 0.5 0.5
Qs Leading Edge 0.5 0.5
Trailing Edge 1 1
D: Master duty.
Cr Lri n’Lgo
En Lm Rac nEour

Fig. 4. AC equivalent circuit of the proposed converter.

When the converter operates at a fixed frequency, the con-
troller can change only M;. The relationship between M; and
the master duty is shown in Fig. 5, which shows that M changes
from zero to the value determined by the denominator of M.
Therefore, the proposed converter is suitable for a wide output-
voltage range application. Fig. 5 shows that the modified modu-
lation method has better linearity than the proposed modulation
method.

In the conventional LLC converter case, (1) only expresses
M because both the input and output voltages in Fig. 4 have a
square waveform

1

2 2
(em ) e (o s) 1 - )
©))

This equation reveals that decreasing M is difficult when the
inductance ratio is small. Therefore, the conventional LLC con-
verter is not suitable for a wide output-voltage range application.

Fig. 6 shows the comparison result of the voltage gain calcu-
lated by (7) and (8) and that calculated by the circuit simulator
by using parameters listed in Table II. FHA analysis corresponds
to that of the circuit simulator.

Fig. 7 shows the output characteristics curves calculated by
(7) by using parameters listed in Table II. The quality factor Q
is changed from 0.01 to 1000 to draw these curves.

The normalized switching frequency fy is 1.1 in Table II.
That means switching frequency is higher than resonant fre-
quency. In this case, secondary diodes cannot run at the ZCS
condition in two-level LLC converter; however, they can run

M =
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TABLE II
NORMALIZED PARAMETERS SHOWN IN FIG. 6

A A fy Zo n Q

0.1 0.1 1.1 10 1 057

Normalized Output Current J

Fig. 7. Output characteristics curves.
TABLE III
PARAMETERS OF THE PROTOTYPE CONVERTER
R C C
Vi | Yo || S [ G| o |
385V 378 V o) 3,760 uF 4F 90 kHz 1
L L Y
Cr L]; 190 x: ) Zo Q
0.297 uF 7 uH LuH 0.0368 1.153 | 6.866Q | 0.391
Qi—Qq Qs, Qs Transformer
IPB200N25N3 G Custom chip PC40 EC90 X 90
250 V 64 A 20 mQ 500 V42 A 120 mQ X 30
Infinion/2 parallel Shindengen/4 parallel Pri 11 turns
Dci1; Dez Dri—Dr4 Sec 11 turns
DF20LC30 S20LC40UV Litz wire
300 V20 A 400 V20 A 100/0.08¢
Shindengen/2 parallel Shindengen/2 parallel 12 layers

at the ZCS condition in three-level LLC converter, because the
current of the resonant tank decreases more quickly when Vap
is equal to Vix /2. Fig. 8 shows the difference of both converters.
The parameters used in this simulation are shown in Table III
except Vin, Vour, and Royr.

B. Analysis With Lossy Components

In the above analysis, we assume that all components have no
loss. However, real converters have lossy components. There-
fore, analysis considering the lossy components is required. To
simplify the analysis, primary resistor Rp is added, which repre-
sents all losses in the converter. An extended equivalent circuit
is shown in Fig. 9.

Primary resistor Rp is normalized to pp by Rac

Rp
pp = 5 —

= ) 10
Rac (10)
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Fig. 8. Dpy current comparison between the two-level and three-level LLC
converter. (a) Two-level LLC converter at Voyr = 300V and Royt =
13.64 Q. (b) Three-level LLC converter at Voyt = 300V and Royt =
13.64 Q.

Cr Lr1

n2LR2

Emn nEoyr
Fig. 9. AC equivalent circuit of the proposed converter.
Equation (7) is reexpressed as (11) by pp
M
M= 1
\/JWQ2 + JV[SQ
/2l 0 < D <05
M, =
/5+30(8)s27rD’ 05<D<1
A+ A
My = 1+ +pp (1+h) — =2
Iy
A1k 2(1+ A A+ A
M, = (1+ 142 )QfA'—Q (1+22) +pp (M +22)
A1+ Ao Qfn

(11)

The estimated Rp value is 349 mQ (Vour: 378 V; Ipur:
17.46 A). It consists of the following: transformer winding resis-
tance: 104 m€ (52 m{2 for the primary and secondary windings),
core loss: 69 m€) (21 W/17.46 A?), Q;—Q, on-resistance: 20 mS}
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Fig. 10. Experimental waveforms. (a) Icr[20 A/div], Veg [200V /div],
VABDOOV/diV], and ]TSEc[QOA/diV] at Vour =378V and Wour
= 6.6kW. (b) Icgr[20A/div], Vg [200V/div], Vap[200 V/div], and
I']*SE(;[QOA/diV} at Vour =300V and Wouyr =6.6kW. (¢) Icgr
[20 A /div], Vog [200 V /div], VA [200 V/div], and Tpgpe[20 A/div] at
VQUT =225V and IOUT =22A.

(20 m©2; two parallel and two series connections), Q5 and Qg
on-resistance: 30 mS2 (120 m§?2; four parallel connections), and
Dr1-Dgy4: 126 mQ (1.1 V/17.46 A; two series connections).

IV. EXPERIMENTAL RESULTS

Table III shows the parameters of the prototype converter,
which are calculated to have a 94.56% master duty at 378-V
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Fig. 11.  Efficiency at different output power under 225-, 265-, 300-, 340-, and

378-V output voltage. (a) Simulated result. (b) Experimental result.
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Fig. 12.  Photograph of the prototype converter.

output voltage and 6.6-kW output power using lossy anal-
ysis. The converter is controlled by digital signal processor
TMS320F28034. The switching frequency is selected to be
greater than resonant frequency. However, secondary diodes
can run at the ZCS condition because the current of the resonant
tank decreases more quickly when Vg is equal to Vin /2.

A. ZCS of Rectifier Diodes
Fig. 10(a)-(c) shows the experimental waveforms of
Icr, Ver, Vap, and Itggc at the output voltage—power—current
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TABLE IV
FOURIER SERIES COMPONENTS OF WAVEFORM VA

sin 2rna cosnwt + (1 —cos 2mna) sin nwt

sin 2rna cosnwt + (3 —cos2mna) sinnwt

Mixed mode

>

(sin27na + sin27n3) cosnwt + (2 — cos 2rna — cos 27nf) sin nwt

™

n

Vin
Two-level mode - Z
T =135 "
Vin
Three-level mode — Z
T on=13.5... "
_Vixy

n=1,3,5

values of 378 V-6.6 kW-17.5 A, 300 V-6.6 kW-22 A, and
225 V-4.95 kW-22 A, respectively. These waveforms illustrate
how the ZCS operation of the rectifier diodes is achieved in a
wide output-voltage range. No snubber circuit is required for
the rectifier diodes in the prototype converter. No waveform for
the no-load operation is presented. The voltage-balancing con-
trol for Crx; and Chyo cannot correctly work because sufficient
magnetizing current is not obtained at no-load. Therefore, the
PFC converter should perform the voltage-balancing control.

B. Efficiency Characteristic

Fig. 11 shows the simulated and measured efficiency of the
prototype converter as a function of the output power, where
the output voltage changes from 225 to 378 V. The simulated
efficiency at full load and 378-V output voltage is 97.98%, and
the measured efficiency is 98.09%. The maximum efficiency
of the converter, which occurs around 4600 W, is 98.14%. The
measured “Vo = 378 V” curve is similar to the simulated one.

C. Power Density

Fig. 12 shows a photograph of the prototype converter. It
has PFC and dc—dc converters. Its size without the transformer
and PFC inductors is 332 x 175 x 95 mm. The actual volume
of the prototype converter after considering the transformer and
inductors is 6.05 L. Therefore, the power density of the prototype
converter is 1091 W/L.

D. Validation of the Analysis

The prototype converter uses the proposed modulation
method. The measured master duty at full load and 378-V out-
put voltage is 94.2%, and the master duty calculated by (11) is
94.56%.

Calculating Rp using the efficiency is possible. The efficiency
atfullload and 378-V output voltage is 98.09%; therefore, the in-
putdc current is 6600 W/(98.09% x 385 V) =17.48 A. Then, the
primary resonant current is 17.48 A x m/2y/2 = 19.41 A be-
cause the average of the primary resonant current is equal to the
input dc current. The total loss is 6600 W x (1/0.9809 — 1) =
128.5 W. Therefore, Rp = 128.5W/(19.41 A x 19.41A) =
0.341 W. The estimated Rp is 0.349 (). The estimated
value approximately corresponds to the value calculated from
the efficiency.

V. CONCLUSION

A modulation method for a full-bridge three-level LLC con-
verter has been proposed. This method enables the converter
to operate at a fixed frequency. Each gate-pulse edge position
can be easily calculated from the master duty, and determining
the operating mode, i.e., two-level, three-level, or mixed mode,
is not necessary. The modulation method can be modified by
changing the relationship between the master duty and the edge
of each gate pulse. A sample modification is presented, which
is useful when the bootstrap power-supply technique is used in
the drive circuit.

The equation for the voltage gain in this paper is derived by
the FHA technique using the proposed and modified modulation
methods with lossy circuits. This equation is versatile, unlike
that in the numerical method. This equation allows the designer
to possibly calculate the proper transformer turns ratio. A pro-
totype converter is fabricated for validation. The turn’s ratio of
the prototype converter is designed to have a 94.56% maximum
master duty, and the experimental result is 94.2%. Therefore,
we have validated that the equation for the voltage gain is useful
in the design of the full-bridge three-level LLC converter.

Our next research target is to introduce a multilevel con-
version technique to the PFC converter to solve the capacitor-
balancing problem.

APPENDIX

The waveforms of V3 shown in Fig. 2 can be expressed by
the equations listed in Table IV using the Fourier series compo-
nents. By substituting 1 for n, the fundamental components of
Vap are obtained, and they are listed in Table V. To derive the
formula, the following relationship is used:

a sinx +beos © =V a? + b?sin(x+)

b
sin™! ——, a>0
SR ) =
@ Va +bb (12)
7w —sin! a<0

The peak value of the fundamental component is obtained
from Table V, and they are listed in Table VI. The edge position
of the Vjp is also listed in this table. Each edge position can
be obtained from Table I. For example, « in the mixed mode of
the modified modulation can be obtained from the trailing edge

of Q4.
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TABLE V

FUNDAMENTAL COMPONENT OF WAVEFORM V) g

Vi sin 2
Two-level mode SRS V2 = 2cos2rasin | wt + sin~! L
m V2 —2cos2ma
Vin - . .1 sin 2T
Three-level mode —— V10 =6 cos2masin [ wt + sin” —————
m V10 —6cos2ma
Vi
Mixed mode SRy \/6 + 2cos27 (8 —a) —4 (cos2ma + cos 27 3) sin (ut + sin !
s

sin 2wa + sin 27 3 >

V6 +2cos2m (B —a) —4 (cos2ma + cos 27 3)

TABLE VI

PEAK VALUES OF THE FUNDAMENTAL COMPONENTS AND EACH EDGE POSITION

Two-level mode Three-level mode Mixed mode
Vi Vin 7
Feakyalueef fefundamentsl 2 J2=2cos27a —-/10-6cos27a m-\/6+ 2c0s 27(8 — ) - 4(cos 27 + cos 273)
component y 2 T y 4
Proposed modulation o D D —%
" %D %D—% L
Modified modulation 5
=D
p 6
TABLE VII
PEAK VALUES OF THE FUNDAMENTAL COMPONENTS EXPRESSED BY MASTER DUTY
Two-level mode Three-level mode Mixed mode

Proposed modulation

Q\/Z—ZCOSZIZD
T

T

i«/10+6c0527rD

Modified modulation

Q1}2—2cos§7rD
V4 3

i\/|0+3cos§7rD—3~/§Sin§”D
T 3 3

ﬁ‘/S—ZcoséﬂD—%/iSiné”D
z 3 3

From the information listed in Table VI, the peak value of the
fundamental components can be expressed by the master duty.
They are listed in Table VII.

(1]

(2]

(3]

(4]

(3]

(6]
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