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Achieving Fast Dynamic Response and Output Filter
Condition Monitoring in Hybrid PWM Inverters
Using a Low-Computational State Trajectory
Prediction Algorithm Incorporating With
Reduced-Order Switching Surfaces

Jacky Chun Tak Lai

Abstract—This article presents a novel state trajectory predic-
tion algorithm with reduced-order switching surfaces, designed for
H-bridge inverters using hybrid pulsewidth modulation (2-PWM).
h-PWM hybridizes the merits of a unipolar two-level switching
scheme (U2SS) and a bipolar three-level switching scheme (B3SS),
operating mainly in U2SS while temporarily transitioning to B3SS
near the zero-crossing region to resolve the impact of pulse drop-
pings. The algorithm predicts the state trajectory for the entire
switching cycle, facilitating fast control and fast dynamic response.
By sampling the state variable once at the beginning of each switch-
ing cycle, the duty ratios of all switching devices are established
for the entire cycle. Since the effective operating frequency under
h-PWM is twice the switching frequency, the values of the output
filter components are minimized, and thus the power density can
be increased. Furthermore, the algorithm can indirectly assess the
condition of the output filter by adjusting the switching surface
based on the comparison of actual and predicted state trajectories,
thereby 1) ensuring that the prediction can adapt component vari-
ations, 2) identifying aging conditions, and 3) enabling preventive
maintenance to avoid unexpected failures. The performance of the
algorithm and the output filter parameter estimation technique are
evaluated on a 1-kVA prototype.

Index Terms—DC-AC power conversion, hybrid pulsewidth
modulation (2-PWM), inverters, parameter extraction, trajectory
prediction control.

1. INTRODUCTION

ULSEWIDTH modulation (PWM) is widely used to con-
I trol the output voltage and frequency of ac waveform in
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many inverter applications. The basic concept behind PWM
involves switching a dc voltage ON and OFF at high frequency to
generate a series of pulses. The width of the pulses is typically
derived by comparing a modulating signal, usually a sine wave
with a frequency equal to the reference output frequency, with
a high-frequency carrier signal.

The popular full bridge inverter utilizes either a unipolar
switching scheme (USS) or a bipolar switching scheme (BSS).
To improve the output spectrum, different PWM schemes have
been proposed, such as sinusoidal PWM (SPWM) [1], [2],
[3], improved SPWM [4], and PWM with selective harmonic
elimination [5], [6]. However, many practical challenges affect
the output quality, such as dead time and maximum/minimum
pulsewidth. Switching devices require a certain amount of time
to turn on or off fully, while narrow gate pulses can result in
pulse dropping at the output. Even modulation schemes that can
produce a theoretically high-quality output spectrum may intro-
duce undesired harmonics. These considerations are significant
for inverters operated at high frequencies.

The ideal output waveform with USS has low switching losses
and total harmonic distortion (THD). However, narrow pulses
near the zero-voltage region tend to disappear in the actual output
waveform due to the inability of the switching device to respond,
resulting in increased THD and decreased output quality. Li et al.
[7] presented a mathematical model to analyze the relationship
among the THD, modulation index, and pulse-dropping duration
[8]. In contrast, BSS provides a duty ratio of around 0.5 for pulses
near the zero-voltage region, resulting in lower output waveform
distortion in this region, but it causes a higher switching loss
compared to USS [9].

Apart from steady-state characteristics, PWM inverters also
require a fast dynamic response, enabling them to respond
quickly to load changes and maintain a stable output. Vari-
ous fast dynamic control techniques have been proposed to
achieve fast transient response recovery on disturbances and
periodic distortion. They include deadbeat control [10], [11],
[12], state feedback control [13], [14], hysteresis control [15],
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[16], [17], sliding-mode control [18], [19], boundary control
[20], and model predictive control [21]. Basic hysteresis con-
trol, sliding-mode control, and deadbeat control rely on several
control equations, which can lead to some technical challenges.
For example, fixed band hysteresis control results in a variable
switching frequency with ultra-low and high-frequency com-
ponents injected into the filters, thus increasing their sizes. A
low switching frequency also leads to high ripple current and
switching loss [22], [23]. This restriction in turn limits the
design of filter components in the converters. To overcome this
limitation, additional equations are required to ensure that the
output filter is designed under requirements [19], [24].

To address this issue, multiple sliding surfaces are imple-
mented in a high-order equation that can smoothly guide the
designed variable. This provides better performance on different
load conditions but also requires more boundaries as additional
requirements need to be fulfilled [25]. Practically, implementing
traditional control laws requires more instruction cache mem-
ory per sample, resulting in higher computational power and
increased latency.

Due to advancements in semiconductor technology, the op-
erating frequency of the switching devices is continually in-
creasing and is anticipated to reach several MHz in the near
future. Besides cost-effectiveness, the controller’s hardware and
software requirements are becoming increasingly stringent. To
satisfy these requirements, several factors must be considered.
If the sampling frequency needs to exceed the switching fre-
quency to determine optimal switching instants, very high-speed
sampling circuits and signal conditioning circuits (SCCs) are
required. The processing speed of the controller will also be
required to be exceptionally high. If the sampling frequency
is lower than the switching frequency, the system’s overall
response will be lowered as it will take more than one switching
period to determine the state of the switches after sampling.
Thus, the optimal approach is to have the sampling frequency
synchronized with the switching frequency and the state of the
switches is determined immediately after sampling.

State-trajectory control techniques are known for their fast dy-
namic response as they determine the appropriate duty ratios for
each switch. However, traditional state-trajectory control tech-
niques require significant computational resources, fast analog-
to-digital conversion, and signal detection. This article aims to
develop a state-trajectory control technique for a hybrid PWM
(h-PWM) scheme that demands fewer computational resources,
demonstrated by utilizing MHz switching. The proposed tech-
nique performs the sampling at the start of each switching cycle
and takes 60 ns to execute the overall sample-to-update process,
equivalent to 6% of the switching period under 1 MHz switching.
The h-PWM hybridizes the merits of U2SS and B3SS [26] for
fast control, dynamic response, and low output THD. It doubles
the effective operating frequency, minimizes output filter com-
ponent values, and increases power density. The algorithm also
monitors the condition of the output filter by comparing actual
and predicted state trajectories, thereby

1) ensuring that the prediction can adapt component varia-

tions;

2) identifying aging conditions;
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Fig. 1.  System architecture of the converter.
TABLE I
HYSTERESIS VALUES FOR PATTERN TRANSITIONS
Hysteresis From To Criterion
Vref
VA P v >D Z—-P
de
Between P and Z
ref
P Z < D P—Z
Vdc
v
ref
Z N v <D Z—>N
de
Between N and Z
Vv .
ref
N Z —> DN—>Z
vdc
NOte: DZ~>P > DP~>Z and DZ~>N < DN~>Z

3) enabling preventive maintenance to avoid unexpected fail-

ures.

Section II presents the proposed h-PWM technique with
state-trajectory prediction. Section III presents a comparison
with various state trajectory prediction techniques. Section IV
describes a technique for extracting the filter component values.
The experimental results of a 1-kVA inverter prototype are
presented in Section V. Finally, Section VI concludes this article.

II. A-PWM WITH STATE-TRAJECTORY PREDICTION

The dc—ac power converter shown in Fig. 1 comprises a
full bridge constructed by four switching devices S1—S54 and a
second-order LC output filter. This article proposes an ~-PWM
technique with state-trajectory prediction to dictate the states of
all switching devices. Fig. 2 illustrates three patterns, namely
P, N, and Z, for the output of the full bridge. The utilization of
pattern P is used during the positive half cycle of the output,
while pattern N is used during the negative half cycle. Further-
more, pattern Z is used around the zero-crossing region of the
output. Variations in the output pattern are dependent on the
output reference v.s with hysteresis to regulate the transition
from one pattern to another. Table I provides a tabulation of the
hysteresis values.

The experimental prototype given in Section V has the follow-
ing hysteresis values: Dy_,p = 5, Dp_z = 15. Dz ,n = — 3,
and Dy_,z = —%. As depicted in Fig. 2, each output pattern
is formed by switching four basic operating modes, namely
M1-M4, in a specific sequence. Table II provides the states of
the switching devices in all modes.
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Fig. 2. Switching patterns. (a) P. (b) N. (c) Z.
TABLE II

STATES OF THE SWITCHING DEVICES FOR DIFFERENT MODES

Mode S 1 Sz S3 S4
M1 ON ON OFF OFF
M2 OFF ON OFF ON
M3 ON OFF ON OFF
M4 OFF OFF ON ON

The waveforms of the gate signals to the four switching de-
vices, G1 — G4, output voltage of the bridge v}, output capacitor
current ¢, and output capacitor voltage v of the three patterns
are provided. Six primary time intervals, including to — 1 (t01),
t1 —ta (t12), ta —t3 (t23), t3 —ta (t34), ta —t5 (ta5), and

t5s —tg (ts6), where (¢) is the duration of the corresponding
interval, can be identified within each switching cycle, resulting
from changes in the state of certain switches at 1, o, t4, and 5.

A. Estimation of Capacitor Current and Voltage for a Specific
Time Interval

The capacitor current and voltage for a specific time interval
are estimated. Within the considered time interval, vy, is assumed
to be constant. The capacitor current at ¢,, can be expressed as

op (tz) — vo (ta)

z-c@y):[ L }(ty—txmc(tz) M
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TABLE III
PROPERTIES OF PATTERNS P, N, AND Z
Pattern | Duration ty t, tyy ty, bys L
P Mode M4 M2 Ml MIl M2 M4
Vi 0 Vi 0 0 Vic 0
N Mode M4 M3 M1 M1 M3 M4
Vp 0 Vi 0 0 Vac 0
7z Mode M4 M2 M1 M1 M3 M4
Vi 0 Vi 0 0 Vi 0
TABLE IV
SUMMARY OF PARAMETERS IN PREDICTING i AND v USING (1) AND (2) FOR PATTERN P
Initial values Predicted values
tx ty txy = t}’ - tX Vb . .
ic(t,) ve(t,) e (ty ) Ve (ty )
t, 3 1y =(025-05k,) T 0 i(t,) ve(ty) io(t) ve(t,)
L f ty =k, T Vie ic (1)) ve(t,) ic(1,) velt,)
a2 1, 1, =(025-05k,)T 0 i(t,) ve(ty) i (t,) v (1)
L]t 1, =(025-05k,)T 0 i(ty) ve(ty) i (1,) v (t,)
Z s lys=kp T Vic ic(t,) ve (1) i (t5) ve (L)
t t 1 =(025-05k,) T 0 i(t;) ve(ty) i (t,) ve(ty)
and the capacitor voltage at ¢,, can be expressed as to be
) . T 2kT
0y (1) = v (£) : i t0) i 1) (1) + v (r0) (=T ) + e (o) (2
volty) = |2 0ele) g _y,) L L
2C L 5)
io (ts and
el o). @ : »
ve () i (t0) (5 ) +ve (o) (1 57 )
Equations (1) and (2) depict the capacitor’s current and volt-
age trajectory on the ¢ — v¢ plane. Detailed proofs of (1) and kT2
(2) are given in the appendix. + e (to) CL |- (6)
The operations of patterns P, N, and Z are described below. .
1) PatternP: vy, changes five times in one switching cycle, as Letvc(te) = vrer(to). The value of kp is
specified in Table III: 0, vqc, 0, vqc, and 0. The duration of each CL I
level is also provided. The two voltage pulses are symmetrical kp = Kﬁ) Uret (t0) — < T) ic (to)
quarterly at 0.257 and 0.757T, respectively. Their durations are
the same and are determined by predicting vo to reach vt 1 CL ’ 1 7
after one switching period at 7. The duty ratio kp is defined T s 72 ve (to) vae (to) 7
as
Detailed proofs of (5)—(7) are given in the appendix.
b — tiz _ las 3) Based on Table I, the minimum value of kp to switch from
Por T pattern Zis 2422 and the minimum value of k p before changing
to pattern Z is %.
Thus 2) Pattern N: v, also changes five times in one switching
cycle, as specified in Table III: 0, —vq., 0, —vg4c, and 0. The
tor = tag = tza = tse = (0.25 — 0.5kp) T (4 duration of each level is provided. The two voltage pulses are

Table IV summarizes the parameters used in predicting the
values of 7¢ and v after a certain time interval, as described
by (1) and (2). By putting the predicted values from a pre-
vious time interval as the initial values for the next time in-
terval, the capacitor current and voltage at tz can be shown

also symmetrical quarterly at 0.257 and 0.757, respectively.
Their durations are the same and are determined by predicting
ve to reach v at T. The duty ratio ky is

tas

T

by = 22 (®)

T
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TABLE V
SUMMARY OF PARAMETERS IN PREDICTING % AND v USING (1) AND (2) FOR PATTERN N
Initial values Predicted values
t, Z 1, =11, v, : ,
‘ ’ ’ ic(1,) ve(t,) lC(ly) Ve (ly)
1 3 1y, =(025-05k,)T 0 i(t,) ve(ty) i (1) v ()
a f ty=ky T Ve ic(t) ve(t) io(t,) ve(ty)
4 t 1,,=(025-0.5k,) T 0 i (t,) ve(t,) i (1) v (ty)
t 1 1, =(025-0.5k,) T 0 i(t,) ve(ty) i(t,) ve ()
Z I lis=kyT Ve ic(t,) ve(ty) i (t5) ve (ts)
o]t 1, =(025-0.5k,) T 0 i (1) ve(ts) i (ty) ve(te)
Thus where D, is the maximum value of k74 and k.
Upon changing the pattern from P to Z
tor = tog = tas = tsg = (0.25 — 0.5kn)T. (9 P Eis e p
. . - k —kz_. =D . 15
Table V summarizes the parameters used in predicting the Z z Pz (15
values of i and v¢ after a certain time interval, as described Upon changing the pattern from Z to P
by (1) and (2). Similar to the pattern P, by putting the predicted
kzy — kz- = Dz_,p. (16)

values from a previous time interval as the initial values for the
next time interval, the capacitor current and voltage at £ can be
shown to be

ic (ts) ~ ic (to) (1) + ve (to) (—%) ~ Ve (to) <%TT)

(10)
and
T T2
Vo (tG) SEYe! (to) (6) + vo (to) (1 — 20L>
kT2
— Udc (to) <E) . (11)
Let vo(tg) = vrer(to). The value of ky is
CL LY .
kn = Kﬁ> Uret (to) — (T) ic (to)
1 CL -1
+ <§ - F) vo (t()):| Vie (tO) . (12)

Detailed proofs of (10)—(12) are given in the appendix.

Thus, based on Table I, the minimum value of kp to switch
from pattern Z is 2 %= and the minimum value of ky before
changing to pattern Z is 2 =z

3) Pattern Z: vy also changes five times in one switching
cycle, as specified in Table III: 0, vge, 0, —vqc, and 0. The
duration of each level is also provided. The two voltage pulses
are also symmetrical quarterly at 0.257 and 0.757, respectively.
The average value of vy, equals ves. Thus

Uref

= (13)
Vde

kzy — kg

where k7 is the duty ratio of the voltage pulse whenv, = vy,

and kz_ is the duty ratio of the voltage pulse when v, = —vgc.
kz4 and kz_ are designed to change oppositely as

kZJr — _ka + Dmax (14)

Dnax 1s chosen to cover the operation of the two transitions.
Since Dy ,p > Dp_,z, the former condition is considered,
where kz_ = 0. Thus, by using (14) and (16)

(17)

By substituting (17) into (14) and solving (13) and (14) for
kz+ and ka

Dlnax - DZ—)P-

1 v
kzy =5 (Dzﬁp + if) (18)
2 Vdc
and
1
ks = = (Dzﬁp - E) : (19)
2 Vdc
Similarly, for the transitions between Z and N
1 Ure
kze =3 (Dzw - f) (20)
Vdc
and
1 Uref
ky =——|Dgz.n + — ). 21
2 Vde

Thus, the duration of the time intervals can be shown to be

tor = tos = (0.25 — 0.5 kyy)T 22)
tig = kzyT (23)
fas = tss = (0.25 — 0.5 ky )T (24)
and
tys = kz_ T. (25)

Table VI summarizes the parameters used in predicting the
values of i and ve after a certain time interval, as described
by (1) and (2). Again, by putting the predicted values from a
previous time interval as the initial values for the next time
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TABLE VI
SUMMARY OF PARAMETERS IN PREDICTING 4 AND v USING (1) AND (2) FOR PATTERN Z

; ; ¢ =ty ) Initial values .Predicted values

i ' o ’ ie(1,) ve(t,) ie(t,) ve(t,)

4, 1, 1y =(025-05k,,)T 0 i (ty) ve(ty) io(t) ve(t,)

4 5 by =k, T Ve i (1)) ve () i (1) ve (1)

4 t, 1, =(025-0.5k,, )T 0 io(ty) ve(ty) i (1) ve(ty)

f 1, 1, =(025-05k, )T 0 i (1)) ve(ty) i (1,) v (t,)

4 s s =k, T “Vae i (1,) ve(?y) i (%5) ve (t5)

1 1 1 =(025-05k, )T 0 i (1) ve(ts) i (1) ve(ty)
interval, the capacitor current and voltage at tg can be shown =0—kp + 3as (33)
tobe _ . e wherealz%,agz—%,agzé—%,m:m,and

ic to) = ic () (1) + v (o) (7 0y = D

2T T
+ vge (to) (T - 8_L) (26)
and
. T T2
ve (te) ~ic (to) (5) +ve (to) (1 — QC’L)
ET? T2
+ vge (to) (ﬁ - m) . (27
Let vo(tg) = vrer(to)-
Based on (14), (23), and (25), k,+ and k,_ are
K (%) Uref (tO) - (%) ic (tO) 1
Z+ =
+ (% — %) Vo (to) Vdce (tO)
1
+ (Z) Dmax (28)
and
k (%) Uref (tO) - %) Z.C (tO) -1
Z7 =
+ (3 = E5) ve (to) | vae (to)
3
+ (Z) Dmax~ (29)
Detailed proofs of (26)—(29) are given in the appendix.
B. Derivations of Duty Ratios
Based on (7), (12), (28), and (29), the duty ratios are
kp = [on vt (to) + azic (to) + azve (to)] (o) (30)
kn = [on vrer (to) + a2 i (o) + azve (to)] (—aa)
=0—kp 31
kzy = [a1 Vet (to) + azic (to) + azve (to)] (a4) + as
=kp+as (32)

kz- = o1 ver (to) + a2 ic (to) + agve (to)] (—au) + 3as

The duty ratio is a linear combination of v, ic, and v
forming a switching surface. Fig. 3 shows the block diagram
illustrating the overall control mechanism. Fig. 3(a) shows the
block diagram of generating the gate signals, G1 — G4, from the
sampled values of vy, ., and v.. The output voltage reference
Uret 18 internally generated. The control mechanism consists of
the following four main parts.

1) The first one is the switching pattern generator. It produces
the switching pattern, i.e., pattern P, Z, and N, named as
“Pattern,” in Fig. 3(a). Based on Table I, the switching
pattern is determined by vyes / vg4c, and the threshold for
changing the switching pattern.

The second part is switching instant generator. As shown
in Fig. 2, t1, t2, t4, and t5 are switching instants of each
switching pattern. Based on (30)—(33), the duty ratios of
the voltage pulses of all switching patterns, i.e., kp, ky,
k.4, and k._, are first calculated. Fig. 3(b) shows the
realization. Then, based on Tables IV-VI, the switching
instants are calculated with the duty ratio of the selected
switching pattern k as the input.

The third part is the mode selector. An internal refer-
ence time ¢ changing between 0 and 7' is derived from
a sawtooth function. It is compared with the values of the
switching instants to determine the mode, i.e., M1 — M4,
which is indexed by Mode Index.

The fourth part is the gate signal generator. Based on
Table II, the gate signals to S; — Sy are generated with
the output of the mode selector m as the input to this part.

2)

3)

4)

C. Static Characteristics

The ripple current through L and the ripple voltage across C'in
the three patterns are derived. Since the modulation approach for
patterns P and N is similar, the ripple current and ripple voltage
are the same and thus their values in pattern P are studied only.

1) PatternP: The average output voltage across C, i.e., Ve p,
is

Veo,p = 2kp vge. (34)
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Patteri M4 GATE SIGNAL
ITCHING PATTERN GENERATOR M2 P ’ GENERATOR
ifVyeyVae > Dz—p Pattern=P VNN >
V’”‘E: elseif viyy/va < D7y Pattern=N | Pattern M), M Control gI
L— —p Logic 2
v, VrefVae < Dposz ~ S
& elseif Vit Wae > Dy oy Pattern =Z M2, fp - (Table II) Gs
M3. N Gy
else base on [Table I] MS. 7z
Table IV, V. VI Pattergf
> P
W1 |
>N ift<# Mode Index=0 | | Mode
Vref ky > 7 elseif 7 < ¢, Mode Index= 1 Index
i Fig3b | i, Patterf elseif /<7, Mode Index =2
~ elseif 1 <t; Mode Index =3
Ve kz. » P i elseif > t; Mode Index =0
» N 7y
14
Patterf 0 0
(a)
ITCHI INSTANT GENERATOR

Multiplications
Additions

(b)

Fig. 3.
multiplications (red) and four additions (blue)].

Based on (2)

AT Ve —
Lp _ Vic—Ver (35)
kpT L
where Ay, p is the peak-to-peak ripple current.
By substituting (34) into (35)
1—-2kp)k T
Al p = ( p)kpva T (36)

L

Al p is maximum when kp = 0.25. Its maximum value
AIL,P,max is

UdCT
8L’

The averaging charging current to the capacitor I ¢ p is

AIL,P,maLx = (37)

(1 —2k,) kp T? vge

Icenp = 38
Cich,P 161 (38)
Thus, the peak-to-peak ripple voltage AV¢ p is
1 —2k,) ky T2 vge
AVC,P _ ( p) P Ud (39)

16CL

Mechanism of the proposed control method. (a) Generation of gate signals. (b) Generation of the duty ratios of different patterns [requiring three

AV, p is maximum when kp = 0.25. Its maximum value
AVYC,P, max is

T2 Vdc

A = —
VC,P, max 128C L

(40)

2) Pattern’Z: The average output voltage across C, i.e., V¢ 7,
is

Ve, z = (kzy —kz-) vac. (41)
Based on (2)
k, T (vge + Vi
Alp z = (UdL+ c.z) for k.. > k.4
kyw T (vae — Vi
Al 7z = 2% (“"L c.z) for ko > k._ (42)

where Al 7 is the peak-to-peak ripple current.
By substituting (41) into (42)

kT ovae(1+kzy —kzo)

AILyz: 17

for k.- > k.t
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Fig. 4. Transfer characteristics of the entire system.

koy Toge (1 —kzy +kzo)

AIL,Z = 7 for kz_;,_ >k, .
(43)
Alp 7z is maximum when kz, — kz_ = % or —4. The
maximum value Al 7 max iS
T’Udc 7
Al 5 = L), 44
.2 7 (64) (44)

The averaging charging current to the capacitor /¢ cp, 7 1S

T?vge (koo —kos? 4+ koy — koy?)

Icen,z = ST (45)
Thus, the peak-to-peak ripple voltage AV 7 is
T?vge (ks — koo ® + ko — Ky ?
AVgy=—2% ( p ki) (46)

8C'L

AVe z ismaximum when k7 — kz_ = 0. Its maximum value
A‘/C,Z7 max is
T2 Vdce 15
CL \1024 )"

Since the value of v (tg) is controlled to be the same as
vref(t0), the transfer characteristic of the entire system G can be
expressed as

AVvC,Z, max — (47)

D. Transfer Characteristics

_ VC (S)
Vl"ef (5)

By applying first-order Padé approximation with a zero-order
numerator

G

=e T, (48)

ve(s) 1
Uref () ls=jo = 1+ sT (49)
Fig. 4 shows the simulated transfer characteristics and the
approximated characteristics with (49). The parameters used in
the analysis are listed in Table VIII. Simulations are performed
using PSIM where a sinusoidal signal v, is injected and the
output vc is obtained at different injection frequencies. At
10 kHz, the gain is reduced by 0.025 dB and the phase shift

G(s) =

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 6, JUNE 2024

is 4°. In other words, the proposed control technique can keep
tracking tightly. At the LC filter’s cutoff frequency of 60 kHz,
the gain is reduced by 0.7dB and the phase shift is 25° only. It
can be observed that the half-power point of the entire system is
theoretically higher than the cutoff frequency of the output LC
filter with the proposed control method.

E. Design of the Values for L and C

The cutoff frequency of the output filter is designed to be
twice the maximum output frequency fi.x. That is

1
27V LC

The value of L is designed by considering the peak current in
C'in a switching cycle as

=2 fmax- (50)

Vac
L=_—7— (51)
2 fsw 10, pk
where i¢c py, is the peak capacitor current.
By using (50) and (51)
fsw Z.C pk
C=_—F7"—. 52
8 7T2 fr%lax VZiC ( )
A maximum current slew rate is expressed as
) T
lslew—rate — de . (53)

Based on (53), the maximum voltage slew rate is expressed
as follows:

T islew—rate

5C (54)

Uslew—rate —

III. COMPARISONS

A comparative study of the techniques using state trajectory
prediction is conducted. The results are tabulated in Table VII.
To track state trajectories and decide on appropriate switching
action, the research work in [27], [28], and [29] required a
sampling frequency fsmp significantly higher than the switching
frequency f;y. The techniques described in [27], [28], and [29]
require the sampling frequencies to be 75, 185.2, and 25-50
times higher than the switching frequency, respectively. If the
designed switching frequency is high, for example, 1 MHz, it
poses challenges to implementing the techniques. Furthermore,
as the computation is performed after each sampling, it places a
demand on the controller’s computational speed and resources.
Conversely, the sampling frequency required by the proposed
technique is the same as the switching frequency. Computational
requirements are relatively less stringent. In addition, in terms
of the number of mathematical operations, the proposed tech-
nique is similar to those presented in [27], [28], and [29]. One
potential realization of trajectory prediction relies on an analog
approach as described in [30] or a hybrid approach as described
in [29], but it is less adaptable and is affected by variations in
component tolerance that can impact its operation. Finally, due
to the low-frequency operation, the necessary filter components
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TABLE VII
COMPARISON OF VARIOUS TRAJECTORY PREDICTION TECHNIQUES
Ref. [27] [28] [29] [30] Proposed
. Variable Variable Fixed Fixed Fixed
Switching fi
witching frequency () |\ 00 4 ki, | Ave 27 kHz | 20—40 kHz 15 kHz 1 MHz
Effective switching Avg. 8 kHz | Avg 27 kHz 20— 40 kHz 30 kHz 2 MHz
frequency
Sampling frequency ( f,,,,, ) 300 kHz 5 MHz 1 MHz - 1 MHz
Feamy ! Fo 75 185.2 25-50 - 1
Modulation Unipolar Bipolar Bipolar Unipolar Unipolar + Bipolar
Control method PS-MC * PS-MC * TC-PWM ** TC-PWM ** TC-PWM **
Capacitor voltage sensing
(v.) YES YES YES YES YES
Capacitor current sensing
(i) YES YES NO YES YES
Inductor («H) 7000 680 1500 357 2
Output Capacitor (uF) 4.7 2.2 60 9.4 2
Filter cutoff freq. (kHz) 0.88 4.1 0.53 2.75 79.5
Effective switching freq./ 91 6.5 755 10.9 25
Filter cutoff freq. ) ) i i
Sampling freq./
Filter cutoff freq. 340.9 1219.5 1886.8 - 12.6
Load transient
settling time (us) 3440 66 1200 500 3-9
# of switching actions
under load transient* 26 2 48-96 15 618
Analog:
1 differentiation .
. N S 1 multiplicati . Digital:
# of mathematical Digital: Digital: multiplication Analog: maximum
operations before the 6 multiplications | 6 multiplications 3 add}tlons 2 multiplications 3 multiplications
1% switching action 3 additions 3 additions Digital: 3 additions 3 dg' "
1 nonlinear additions
function

*PS-MC: periodic sampling modulation control [31]; ** TC-PWM

: triangular carrier PWM control [31]

L
icp[n] Aic[n] Ea.(56) AL Leg
: |

4 -
jeo—] scc L on el racs)
A
’.___
A 4
. [n-1 .
veo—] scC ve[n] - ve [n-1] EZE?)I; verln

Fig. 5. Output filter estimator.

typically have substantial values, which leads to bulky size and
a long settling time in the presence of large-signal disturbances.

IV. EXTRACTION OF FILTER PARAMETERS

Based on the control technique, a filter parameter extraction
mechanism is derived. The idea utilizes a feedback mechanism
that begins by comparing the predicted and actual values of
the capacitor voltage and current after one switching cycle.
The difference is then used to estimate filter parameters and
subsequently alter the prediction formulas. The ultimate target
is to ensure that the predicted values are the same as the actual
values. Fig. 5 shows the block diagram.

Equations (5), (10), and (26) are the prediction formulas for
i¢ in patterns P, N, and Z, respectively. They are functions of L.
Equations (6), (11), and (27) are the ones for v¢ in patterns P,
N, and Z, respectively. They are functions of L and C. Then,
the predicted and actual values of i are used to determine
L, whereas the predicted and actual values of vo are used to
determine C. The mechanisms are given below.

A. Determination of the Value of L

1¢ 1s sampled by a SCC and a zero-order-hold (ZOH). The
sampled values of i¢ and ve, ie., ic(nT) and v (nT), are
used to calculate the predicted value of i after one switching
cycle, i.e.,ic p((n + 1)T'), with the prediction formulas. Then,
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the error between ic p((n + 1)T') and the actual value of ic
after one switching cycle, i.e., ic((n+ 1)T), is determined.
Mathematically

Aic ((’ﬂ + 1) T) = ic ((n + 1) T) — iC,P ((TL + 1) T) (55)

where Aic((n + 1)T) is the estimation error of the (n+1)th
cycle.

A is fed to a proportional-plus-integral (PI) controller. The
output of the controller L.y gives the estimated value of L. It

can be expressed as
Lesw = Kp1, Aic + Kir [ Aig dt. (56)

According to Cohen—Coon PI design method [32], the initial
guest values for Kp 1, and K 1, are

Kpy = —— (1+ 724 (57)
Tdead 37
Kpr, (9T+20’7’dead>
Kip=— (58)
B Tdead 307 + 37Tgead

where the process reaction curve dead time (7ge,q) iS % and
The

the time constant for the response change (7) is %.

estimated value of L is then fed to the prediction formulas.

B. Determination of the Value of C

The value of ve is sampled by an SCC and a ZOH. The
sampled values of i¢ and ve, ie., ic(nT) and ve (nT), are
used to calculate the predicted value of vc after one switching
cycle, i.e., ve, p((n + 1)T'), with the prediction formulas. Then,
the error between v p((n + 1)7') and the actual value of ve
after one switching cycle, i.e., vo((n + 1)T'), is determined.
Mathematically

Ave (n+1)T) =ve (n+1)T) —vep (n+1)T) (59)

where Avc((n + 1)T) is the estimation error of the (n + 1)th
cycle.

Avg is fed to a PI controller. The output of the controller Cey
gives the estimated value of C. It can be expressed as

Cesl = KP,C AUC + Ki,C fA’UC dt

According to Cohen-Coon PI design method [32], the initial
guess values for Kp ¢ and K; ¢ are

(60)

Kpo=—— (1+ %) 61)
Tdead 3T
K 9 207T4ea

Kic = P,L < 7 + 207y d) ©2)
Tdead 307 + 37Tgead

where the process reaction curve dead time (Tgeaq) 1S T%()Q“Z and
the time constant for the response change (7) is %.

The estimated value of C'is then fed to the prediction formulas.

V. EXPERIMENTAL VERIFICATION

A 1-kVA prototype applied to a wideband series harmonic
voltage compensator (WSHVC) for enhancing the stability of
a 6.5-kVA microgrid has been built. The microgrid consists of
three commercial grid-tied solar inverters, one nonlinear load,
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Fig. 6. Prototype inverter. (a) Circuit schematic. (b) SSC for sensing vy and
V. (¢) SCC for sensing <.

TABLE VIII
DESIGN SPECIFICATION AND COMPONENT VALUES OF THE PROTOTYPE

Parameter Value Component Part no.
GaN Systems
S-S
Ve S0V " GS61008T
Rated output 40V I 2 uHl
voltage
Rated output 38 A c 2 uF
current
Cyclone V
Bandwidth _71 SdlleC? Controller SoC FPGA
(5CEFA5)

and a grid simulator with adjustable grid inductance. Detailed
descriptions of WSHVC can be found in [33] and [34].

The test setup for the inverter is shown in Fig. 6(a) and (b)
provides details of the SCCs used for sensing voltages vq4. and v,.
Fig. 6(c) shows the SCC used for sensing current 7.. The design
specification and component values of the prototype inverter are
given in Table VIII. The transient response of the inverter is
studied by using a bidirectional load switch, which is connected
in series with the load. The load can then be controlled to connect
with the inverter output.

To implement the control algorithm and generate gate sig-
nals for the switching devices, a field-programmable gate array
(FPGA) is utilized. The core switching control flowchart is
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Fig. 7.  Flowchart of the proposed control algorithm.
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Fig. 8. Illustration of the sample-to-update process.

depicted in Fig. 7. Fig. 3 shows the FPGA’s parallel processing
signal mechanism and the control equation. At the start of each
switching cycle, the PWM timer will trigger the algorithm and
reset the counter to zero. Then, the ADC will store the sampled
data in the memory registers and the switching pattern will
be chosen by referencing vs. The duty ratios are determined
by (30)—(33). By comparing the duty ratios with the counter
registers, the gate signals will be updated via the Mode Index at
tl, tg, t4, and t5.

The proposed control algorithm has its sampling frequency
being the same as the switching frequency. In other words, it does
not require sensing any voltage or current waveforms within a
switching cycle. Instead, the sampling function is performed at
the beginning of each switching cycle. Afterward, the duty ratios
of all switches are computed by the control algorithm given
in Fig. 3(b). The sample-to-update process over one switching
cycle is shown in Fig. 8. At the start of each switching cycle,
the controller takes a time of ¢spc to complete analog-to-digital
conversion. Then, the algorithm takes a time of ¢ to calculate
the switching instants of all switches. Thus, the controller will
update the switching states of all switches accordingly. The
experimental prototype has tapc = 38 ns and { = 16 ns. In
other words, the earliest updating time ¢;, which determines the

maximum duration of the first pulse, is limited by the total time,
tapc + tc.

When implementing traditional control laws, there is a higher
demand for instruction cache memory per sample, resulting
in increased computational power requirements and latency.
As the power converter era is moving towards higher fre-
quencies, reaching into the megahertz range, practical imple-
mentation encounters challenges such as computational power
limitations of digital controllers, analog-to-digital conversion
speed, signal detection limitations, complex control equations,
and cost-effectiveness considerations. In contrast, the proposed
control technique offers a simplified sample-to-update mecha-
nism, making it well-suited for application in high-frequency
power converters. Ten memories, including three for storing
constants, three for storing sampled data, and four for storing
duty ratios, and three multiplication memories are required. In
total, 13 memories are used. The total memory size used is
234 bits (13 x 18 bits). The signal latency is around 54 ns.
The algorithm can be easily implemented on many popularly
adopted controllers, such as C2000, STM32, and RISC V series
Pprocessors.

Fig. 9(a) shows the waveforms of the capacitor current ic,
output voltage v, and output current 7y o, When the prototype
is connected to a resistive load and the output frequency is set
at 1 kHz. Fig. 9(b) shows their waveforms at zero crossing. The
transitions from pattern N to pattern Z and from pattern Z to
pattern P are smooth. The measured THD is 0.35%.

To test the dynamic response of the converter, Fig. 10 shows
the corresponding waveforms when the prototype is connected
to a resistive load and the output frequency is set at 15 kHz,
which is commonly observed in some standards, such as LV 148
Automotive Test Standard. The transitions switching among
patterns P, Z, and N are identified. Compared with the reference
signal, the rise time from 0 V to the peak voltage of 40 V is
9.09 us.

Fig. 11 shows the waveforms of i¢, ve, and 44,9 When the
prototype is connected to a resistive load. The reference signal



6952

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 6, JUNE 2024

I ML
e
ic(2A/div) Hr | OO AN ,‘\;w‘\;w‘}‘\‘\‘\‘\‘\h
ic(2/ \/dn) A L 1
ve (20V/div) |
T — T
4 N\ % N ) L
/ll_mul(ZOA/dlv) \\\ yii \\ // e ve(SV/div) / 2 w
e e SR A o (5AMIY) —
(Timebase: 200ps/div) — (Timebase: 10ps/div)
(@) (b)
Fig. 9. Experimental results with the output frequency of 1 kHz. (a) Overall waveform. (b) Zero-crossing region.
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Fig. 11.  Experimental results with the output frequency of 60 kHz and voltage
step changing.

has its dc value changing from 0 to 30 V and has a 60 kHz,
10 Vpp sinusoidal voltage superimposed onto it. The transitions
switching among patterns P, Z, and N are identified. Compared
with the reference signal, the rise time from 0 to 30 V is 3.83 ps.

Fig. 12(a) illustrates the key waveforms over five switching
cycles upon changing the reference voltage from 0 to 10 V.
In Cycle 0, the converter operates in pattern Z. The controller
determines the duty ratio at the beginning of the cycle. There
are mode changes at t1 0, 2,0, t4,0, and t5 o. In Cycle 1, vy is
changed from 0 V (OP1) to 10 V (OP2), as shown in Fig. 12(b).
The converter operates in pattern P. The controller determines
the duty ratio at the start of the cycle. The capacitor voltage and
current start increasing. There are mode changes at times ¢4 1,

steady state operation (OP2). It can be observed from the above
illustration that the system can change the operation point within
three switching cycles.

Fig. 12(b) shows the trajectory of the transient response,
which is in blue color, from OPI1 to OP2. The steady-state
trajectories are shown in the red line. When vj, = vqc, the family
trajectory is represented by green dashed lines, yellow dashed
lines represent v, = —vqc, and blue dashed lines v, =0 V.

Fig. 12(c) shows the trajectory at OP1, at which the converter
is in pattern Z. Fig. 12(d) shows the trajectory at OP2, at which
the converter is in pattern P.

A performance comparison between the proposed control
algorithm and the traditional PID control [35]. Fig. 13 shows
the outputs of the prototype using both control methods while
sweeping the reference frequency from 1 to 28 kHz for test-
ing their frequency responses. The two control algorithms are
tested under the same operating conditions with the switching
frequency of 1 MHz, input voltage of 50 V, and peak ac output
voltage of 35 V. The load resistance is 3 €2. Fig. 13(a) and (b)
shows the results with the proposed method and PID control,
respectively. The reference voltage has a sudden change when
its frequency is changed from 28 to 1 kHz. With PID control, the
output requires 0.25 ms to settle. The steady-state output error
also increases with the reference frequency. With the proposed
method, the output can keep tracking the reference over the
considered frequency range.

In addition, the transient responses of the inverter using the
two control methods have been studied. The input voltage is 50 V
and the output voltage is 35 V. When the load is changed from
5Q@.e.,7A)t02Q (i.e.,17.5 A), the results are shown in Fig. 14.
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in pattern Z. (d) Trajectories in pattern P.

The maximum transient output voltage drop with the proposed
method is only 0.5V (i.e., 1.43%) and that with the PID method
is 1.2 V (3.43%). The time required to reach 98% of the steady-
state value with the proposed method is negligible, whereas the
one using the PID control is 45 ps. Thus, the proposed control
method offers a faster transient response.

Fig. 15 shows the block diagram of deriving the duty ratios
with the PID control. The number of mathematical operations
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Simulated switching transients and trajectories upon changing vyt from 0 to 10 V. (a) Key waveforms. (b) Trajectory from OP1 to OP2. (c) Trajectories

required in the proposed method [see Fig. 3(b)] involves three
multiplications and four additions, which closely aligns with the
requirement of the PID control that requires five multiplications
and five additions.

The performance of the filter parameter extraction mechanism
described in Section IV is evaluated. An experiment using five
sets of initial values for the inductor (L) and capacitor (C) to
obtain the estimated values and comparing them with the actual
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TABLE IX
PERFORMANCE TEST OF THE FILTER PARAMETER EXTRACTION MECHANISM
Component L C
Actual value 2.05 uH 2.19 uF
Initial value 1.60 uH | 1.80 xuH | 2.00 uH | 220 uH | 2.40 xH | 1.80 uF | 2.00 uF | 2.20 uF | 2.40 uF | 2.60 uF
Est. value 1.87uH | 1.90 wH | 212 pH | 2.11 pH | 220 xH | 1.85 uF | 1.88 uF | 1.91 uF | 1.96 uF | 2.02 uF
Error —9% —7% 3% 3% 7% —15% | —14% | —12% | —10% —7%
Mean square error 5.44% 11.95%

values has been conducted. The results are given in Table IX.
The mean square errors are found to be 5.44% for L and 11.95%
for C. Although the testing method is different from the one
proposed by the reviewer, the experiment described can also
evaluate the performance of the parameter extraction algorithm.
Further research will be dedicated to improving the estimation
accuracy.

The sensitivity of the THD of the inverter output to the values
of L and C has been studied by Monte Carlo analysis. An
experiment to investigate the THDs at the reference frequencies
of 100 Hz, 1 kHz, and 10 kHz while varying the values of L
from —60% to +80% and C from —80% to +80% has been
conducted. The results, given in Fig. 16, show the relationship
between THD and the variations in L and C.

Within a +£20% variation in L and C, the THD remains below
0.4%. Within a +30% variation in L and C, the THD remains
below 2.1%. Thus, significant changes in the values of L and C
have a minimal impact on the overall distortion of the inverter
output.

VI. DISCUSSIONS AND CONCLUSION

The article introduces a state trajectory prediction algorithm
for H-bridge inverters, using #-PWM. The algorithm predicts
state trajectories for the whole switching cycle, enabling fast
dynamic control and response. It can also assess the condition
of the output filter and identify aging conditions, allowing for
preventive maintenance. The algorithm was tested on a 1-kVA
inverter prototype with results aligning with theoretical predic-
tions. The following noteworthy points can also be highlighted.

1) The output frequency is twice the frequency of the gate
signal, resulting in a smaller output filter being required
to reduce output ripple.

2) A well-defined equation is derived to estimate the duty
ratios of the switches in all patterns, which can be done
with just a few multiplication and addition instructions on
the controller.

3) The filter parameter estimation mechanism can estimate
the values of L and C with an error of 10%. Further research
will aim to improve the accuracy of this mechanism.

Wideband inverters offer the capability to generate both
low- and high-frequency ac outputs, along with a rapid dy-
namic response. Notably, Lai et al. [33] and [34] discussed
WSHVC, which can produce an output frequency range of

100 Hz to 10 kHz using mixed sine signal injection. Fur-
thermore, LV124 and LV 148 highlight the Automotive Test
Standard, which encompasses frequency ranges from 10 Hz
to 30 kHz, including dc step changes. Additionally, compli-
ance with EN61000-4-11 requires the generation of ac voltage
dips within microseconds, necessitating the use of wideband
inverters.

To achieve a wide frequency range and rapid dynamic re-
sponse, some specialized converters often utilize linear output
regulators, which regulate mixed high-frequency signals. How-
ever, this approach necessitates additional power devices and
digital signal processing resources, leading to an increase in
circuit complexity and a decrease in overall efficiency. The pro-
posed control architecture addresses this challenge by enabling
the inverter to exhibit a fast dynamic response using a single
stage of power conversion. The architecture requires minimal
computational resources, making it well-suited for future con-
trollers that operate with fast-switching devices, such as SiC and
GaN devices.

APPENDIX
A. Derivation of (1) and (2)

The capacitor current and voltage for a specific time interval
are estimated. Within the considered time interval, vy, is assumed
to be constant. Thus

diL _’Ub — Ve
d L

(AD)

where i1, is the current through the filter inductor L.
Assume that the rate of change of the inductor current is equal
to that of the capacitor current

di;,  diresa Vb — Ve
@ - . A2
dt dt L (A2)

dic
dat

Consider a time interval [t,, t,]. The capacitor current at ¢,
can be expressed as

iC(ty) ty —
/ dic = / WY g
ic(ts) ¢ L

- ic (t'g) _ |:'Ub (tl) ;UC' (tl)

} (ty — o) +ic (t).
(A3)
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(A4)

ve(ty) ty
/ C d’UC = / ic dt.
ve(ts) t

x

The capacitor voltage at ¢, is obtained by substituting (1) and
(2) into (4)

UC’(ty) —vc(ts) = [iC2(ty) - 'L'C2(tz)]

[2 ¢ (vb(tj— vc(tx))]

X
= wolty) = {Uh (tz; ;ULC (tx)] (ty — ta)’
Z.C (tas)

+

(ty - ta:) + UC’(tI)- (A5)

c

Equations (1) and (2) depict the capacitor’s current and volt-

age trajectory on the i — v plane. The operations of patterns
P, N, and Z are described below.

B. Derivation of (5)—(7) and (10)—(12)

The expected capacitor voltage v is predicting to reach ves
after one switching period at 7. Thus, ve(tg) equalsver(to)-

vc (tG) = Uref (tO) . (A6)

The capacitor voltage and current are measured at ty. By
putting the predicted values from a previous time interval as
the initial values for the next time interval, the capacitor voltage
and current at ¢1 are expressed as

o) = |20 ) e ) an)
ve(t) = [W] (t1 — to)?
el 4, 1) (o) (A8)
At ty
iott) = [P ) e ) a9
vo(tz) = [W] (tz — t1)?
+ 1 4, ) o). (A10)
Atts
ic (t3) = {W} (ts — t2) +ic (t2) (AL
ve(ts) = [W} (ts — t2)2
| e (t2) (ts — t2) + ver(ta). (A12)

C
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Aty
io ) = | MO ) pie )y
ve(ts) = |20 1, -y

+ icg3) (ty — t3) + ve(ts). (Al4)
At ts
jo 1) = |22 s ey i) s
ve(ts) = |2t s -

+ icg” (ts — ta) + ve(ty). (A16)
At g
o 1) = |22 s ) i) carn
vette) = |22l 1 - o

+ % (ts — t5) + ve(ts). (A18)

By substituting (A7)—(A16) into (A17) and (A18)

Thus, the high-order components in (A19) and (A20) shown
at the bottom of the next page are smaller than the low-order
components. Hence, by substituting zero into the high-order
components in (A19) and (A20), we get

In pattern P

vp (1) = vgc (A21)
and the duty ratio is expressed as
k=kp. (A22)

By substituting (A21) and (A22) into (A19) and (A20), (5)—(7)
can be obtained.

In pattern N
vy (t1) = —Vde (A23)
and the duty ratio is expressed as
k=kn. (A24)

By substituting (A23) and (A24) into (A19) and (A20), (10)-
(12) can be obtained.

C. Derivation of (26)—(29)

The expected capacitor voltage ve is predicted to reach vper
after one switching period at 7. Thus, the following equation
holds:

ve (te) = Vrer (t0) - (A25)
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The capacitor voltage and current are measured at ¢y. By
putting the predicted values from a previous time interval as
the initial values for the next time interval, the capacitor voltage
and current at ¢; are expressed as

Up (t()) — Vo (to)
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ic (t1)

T

(tQ — tl) + vo (tl). (A29)

Atts

vy (t2) — ve (t2)

ic (ts) = { } (ts — ta) +ic (t2)

ic (t) = [ . ](tl—to)—i—ic (t)) (A26) L
(A30)
vy (to) — ve (to) 2
ve(t) = [QCL (t1 —to) volts) = |22 e r2) (t2) — vo (t2) (ts —t)*
2C L
ic (to) .
+ ——— (t1 — to) + vc(to)- (A27) ic (t2)
Attty Attty
. vy (t1) —ve (1) . vy (t3) — ve (t3) .
ic (t2) = [L (t2 —t1) +ic (t1)  (A28) ic (ta) = - (ta —t3) +ic (t3)  (A32)
volts) = | 2 (t1) —vc (t1) (1 — 11)? volts) = |2 (t3) — ve (t3) (ta — ts)°
2C L 2C L
E3T8  ETT® + 3KSTS  kST® + o + 5kST6  TESTS + 11k4T6 K276
32C1L% ~ 16CALET T 64CALT T 64CALT T 512CTLT T 16C3L3 ~ 16CSL3 " 64CSL3 ~ 128CSLS 11
i (1) = i (t kATt kAT [ kT4 T4 TR2T2  3kT? 5T ~—
c(te) =ic(to) |+ — &z + Thch T Teer T TReTIE T Gor — 9oL — 60T low arder
high order
K0TS  5K3T® 57TTO  5kST® + 5E5TO  EATO 37T 15kST7
128CTL5 ~ 256CAL5 ' 256CAL5 ~ BI12CTL5 " 2048CAL5 ~ 4096CAL5 ' 64C3LE ~ 128C3LA
+ 25k5T7  15KATT + K2T7 + 3KST5  23kKATS 17K3T5 k2T5  5KTS _Z
+ e (to) 256C3L% ~ 512C3LT T 1024C3LT 7 32C%2L3 ~ 64C2L3 ' 64CZ2L3 ~ 32C%2L3 ~ 512C2L3 L
. 5 K373 23k32T3 + 19kT3 + 1173 ~
1024C2L3 16C L2 32C L2 64CL2 128CL2 low order
high order
ETTT  3kSTT 35T kAT ESTS  kATS 3k3T3 k275
16057 — 320907 + 640307 — T28C3L3 T 20707 — 20707 T 320707 T §4C7LA +2kT
o (¢ 3K3T3  3k*T® kT3 L Al9
to(t) | +3h - % - s —— (A19)
low order
high order
I A 5879  5KTT? 5k6T°  5ESTO + kAT 3ETTT
128C5L%T T 256C°LE ~ 256C°LE ' B512C5L%T ~ 2048C5LE ' 4096C5LE ~ 64CALS
+ 15K5T7  25K5TT7 15k4T7 K277 3KSTS 23k*T>  17k3TS +Z
(te) = ic (to) 128CTL3 ~ 256CALS T B12C%L3 ~ 1024CAL3 ~ 32C3L2 ' 64C3L2 ~ 64C3L2 C
ve (te) = e \to 275 5 5 373 23 3 3 S~~~
4 R2TS L BKTS 75 KSTS 4 23K*TS  19kTS T
32C3L2 T 512C3L% " 1024C3L?2 ~ 16CZ%L 32C7L 64C2L ~ 128C7%L low order
high order
_ klOTlo 3k9T10 _ 15k8T10 5k7T10 _ 15k6T10 3k5T10
512C5L5 ' B5I12C5L5 ~ 2048C5L5 ' 1024C5L5 ~ 8192C5L5 ' 8192C5L5
_ kT k8T8 3kTT®  9kST® 11k578  21k4T8 9
32768C5L5 ~ 256CALA T 128C*L%T ~ 256CAL% T B12C%LA ~ 4096CILA _ T 11
ve (t k27T®  kKSTS 9k°TS  63k*TS 17k3T% 15K2T6 2CL
+vc (to) + 81020727 — 28¢5 T 128C7L° ~ 512CPL7 T 256C9L°  2048C7L7
C_8RTS TS kMY, 3kSTY 2okT4 L 1Tt 177! low order
2048C3L3 ~ 8192C3L3 T 64C2L2 ' 32C2L2 ~ 128C2L2 " 128C2L2? ' 1024CZL2
high order
o k7T 3KST8 2 k4TS kSTS 5k5T6 o
TG40 LT T 320TLT T T28CTLA T T28CTLT  102407LT — T6C9LF T 3203L° JrkT
o (t _ 13kATS k3T k276 AT TE3TY 7kRATY kTH CL A20
+u (t) 128C3L3 T 64C3L3 T F120°L° ~ BC2LZ ' 1602L% ~ 3202L%  64C7L2 —— (A20)
low order

high order
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el (tg) At tg
+ T (t4 — t3) + Uc(tg). (A33)
) vy (t5) — ve (ts) )
1c (tG) = |:L (t6—ﬁ5)+lc’ <t5) (A36)
At ts
vy (t5) — ve (ts) 2
vo(tg) = | ———F———=| (ts — 15
(o) = |52 (- 1)
. vy (ta) — ve (ta) . ,
= B r— c t5
ic (ts) { I (ts —ta) +ic (ta)  (A39) +#(t6*t5)+’uc(t5). (A37)
e (t4) = ve (t4) 2 - :
ve (ts) = ol A (ts — ta) Substituting (A26)—(A35) into (A36) and (A37), the follow-
ing equations can be obtained:
ic (ta Thus, the high- i
I (ts) (ts — ta) + ve (ta) - (A35) , igh ordF:r components in (A38) and (A39) shown
C at the bottom of this page, are smaller than the low-order
__49k5T8 + 147K5T8 + 441k4T8  1127k3T8 + 147k2T8 kSTS
8192CTL* T 65536CTL* 1 524288CFL3 ~ 4194304C3L* ' 8388608CALT ' 16C3L3
__3kSTS  B1kiTS 43k3TS 6T1K%TS + 497kTS _ 14776 +1
ic (t) = ic (to) 128C3L3 ~ 2048C3L3 ' 4096C3L3 ~ 262144C3L3 ' 2097152C3L3 ~ 4194304C3L7° N
+ kAT4 KSTA 341274 + 357kT4 + 18174 + 5k2T2 _ 5kT2? _ 8972 loworder
2C?L%7 ~ BCZ?L?Z = 2048C2L7 ' 16384C%L2 ' 16384C2L2 4CL 32CL ~ 256CL
high order
C_AOKTTO L 343KSTO __LATKSTO ___ 2891KTO _ , _ 63TKT®
32768CAL5 | 262144C*L5 ~ 2097152C2L5 ~ 16777216C2L5 ' 16777216C2L5
_ 147K%T° KTTT  7kKSTT  KSTT + TAIRATT 2145k3T7
67108864C*L5 ' 64C3LE ~ B12C3L% ~ 1024C3L%E ' 65536C3L% ~ 1048576C3 L2 _Z
v (T 1515277 175kT7 14777 K°T>  41k*T5 163k3TS L
+vc (to) + 8388608CTLT — S388608CPLT | 335544320°LT T T6C?L7  256C2L°  B192C7L7 ~—~
L 2151KATS  85SKTS  1679T° . KT®  3TAPTS  LOKT® , SGIT® low order
65536C2L3  131072C2L° ~ 1048576C2L3 ' 16CL? ~ 64CL? ~ 1024CL? ' B192CL2

high order

__49KPTT __49kMTT 245k3 77 147217 5 kAT
10960717  32768C5LF 1 2621440707 — 2007155057 T 8c2rF T eacers  2kT T
375 25 5 373 > 3 Q73
+ vge (to) 97K3T 201K2T° | 3221kT + BT 23KTS 203T L 8L (A38)

" 2048C2L3 16384C2L3 768C2L3 CL? = 128CL2 48C' L2
low order
high order
__49K"T? 441k5T? + 49KAT®  2793K3T? + 441k2T°
32768C5 L7 1048576C5L* T 4194304C° L4 134217728C5 L% " 268435456C° L4
+ ETTT  25KSTT  561k4T7 + 3203k3T7 869K2T”
64C*L3 =~ 4096CTL3 = 65536CAL3 1048576C3L3 ~ 2097152C*L3 4
ver (1) = i (t 903kT" - 44177 ESTS 31K4T5  739K3TS  379K2TS C
c (to) c (o) + 57108864C7 L3 134217728C7L° + T6C5L7 T 256CPL7 — 8102CPL°  32768CPL7 ~~
L _ATTTRTS 19775 KBTS | TIKRTS | 4KT® 7697 low order
524288C5 L2 131072C3L2 16C2L ' 128C2L ~ 256C2L  8192CZL
high order
_ 49k8T1O 49k7T10 + 441K8T0 833570 3577K*T1O0
131072C5L5 1 262144C5L5 " 4194304C5L° 16777216C°L5 ~ 536870912C5 L5
+ 1617k3T10 441k2T10 + k8T8 kETT® kSTS
536870912C5L5 ~ 2147483648C5L5 ' 256CAL* ~ 512C4L* ~ 32768CALA 9
+ 31K5T8 + 9063k*T8  2281k3T8 + 10985k2T8 +1— r
+ve (to) 262144C*L* " 4194304C3L* ~ 4194304C*L* T 268435456C* L4 201
_ 231kT® + 44178 _1585kATS  623kTS —
268435456C3 L4 1073741824C*L* = 32768C°3L3 1048576C3 L3 low order
_6997T° + EATY  E3TY 691k2TH + 173kT? + 536174
33554432C3L3 " 64C2L2 = 256C2L2  4096C2L2 ' 8192C2LZ ' 262144C2L2
high order
__49KST® 49kSTS® + 49k4T8 + 147k3T8 441K%T8
16384C*L* = 32768CAL* ' 524288C*LA T 2097152C*L* ~ 67108864CA L7 5 o
+ kST + k5T + 13k4T6  339k3T6 + 1177k2T +kT _ T
373 373 373 37,3 37,3
+ vge (t0) 32C3L 64C3L 8192C3L 32768C3 L 524288C3 L CL 32CL | . (A39)
+ 63kTS + EAT4 + 31k3T%  35k2T*  205kT? + (S —
1048576C5L3 " 8C2?L2? 7 128C2LZ% ~ 512C2L2 ~ 8192C?L? ' ©65536C2L2 low order

high order
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components. Hence, by substituting zero into the high-order
components in (A38) and (A39), (26)—(27) can be obtained.
In pattern Z, the duty ratio is expressed as

By substituting (A40) into (A39), (28)—(29) can be obtained.
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