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Abstract—This paper describes the optimization of a modu-
lation scheme for the isolated Y-Rectifier (iYR), a bidirectional
three-phase PFC rectifier with integrated galvanic isolation, with
regard to minimum rms values of the transformer currents. The
optimization is based on a numerical method, which utilizes Space
Vector (SV) calculation to determine the steady-state waveforms
of the iYR’s transformer currents with low computational effort.
Compared to an existing modulation method, the optimization
results show that, at part load operation, a substantial reduction
of the transformer rms current is achieved. For example, the
experimental results confirm that the optimization enables a
reduction of the rms value of the transformer current SV over
a grid period from 11.1 A to 8.8 A at a three-phase grid voltage
of 400V (rms, line-to-line), a dc output voltage of 400V, and
an output power of 1.2kW (equal to 20 % of the rated power
of 6kW). Owing to the generalized consideration of the iYR
made possible by the space-vector-based description, the obtained
optimization results can be applied directly also to other rectifier
topologies presented in this paper. This and further results and
methods described in this paper reveal the potential of SV
calculation in connection with comprehensive analyses of complex
three-phase isolated PFC rectifier systems.

T,

I. INTRODUCTION ¢ (ms)

Three-phase power factor correction (PFC) rectifiers with ~ Fig. 1: (a) iYR proposed in [1]. (b), (¢) Simulated waveforms of v, p cyn,
P . . . g . U{apc}> and vr{apcy of the iYR for operation according to Tab. I except for
galvanic isolation are used in various applications, e.g., solid- Hb- b o
. fs = 1kHz. The yellow area marks ¢¢ ~ 15°, which has been used to create
state transformers [2], [3], photovoltaic power systems [4]—[6] Fig. 4.
and energy storage systems [7], [8], more electric aircraft [9],
mains interfaces of dc microgrids [10], and battery chargers

for electric vehicles (EV) [11]-[13]. This paper considers an

TABLE I: Considered specifications and converter settings.

isolated PFC rectifier for an EV battery charging application, Designator Description Value
which is realized by the single-stage, isolated ac—dc converter Ve Grid voltage (line to neutral, rms) 3 X230V
depi d in Fi 1 Th . It I, Grid phase current (rms) 3x 10A
structure depicted in Fig. (a).. e system operating voltages fo=T Grid frequency, grid period 50 Hz. 20 ms
and currents have been determined on the basis of the speci- Paom Nominal power 6 kW
fications given in [14] and are summarized in Tab. 1. Vie,min Minimum de voltage 200V
Vide,max Maximum dc voltage 750V
. . . Tdc.max Maxi d t 15 A
In a conventional approach, a two-stage circuit would be demx__ e o
. . . fs =T, Switching frequency, switching period 72kHz, 13.9 us
typically used to realize three-phase PFC ac—dc conversion n=N;: Ny Transformer tumns ratio 1
(first stage) and galvanic isolation (second stage) [15]-[17]. L Series inductance 14 pH
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With the aim of counteracting the disadvantage of multiple
energy conversions, single-stage concepts that combine sinu-
soidal input current shaping (PFC), galvanic isolation, and
rectification are increasingly being presented.

Three-phase single-stage concepts for ac—dc converters can
be divided into phase-modular concepts that are based on three
single-phase converters [18]-[21], non-modular concepts with
only one high-frequency (hf) transformer [22]-[26], and non-
modular concepts with three hf transformers (or one three-
phase hf transformer) [1], [27]-[30]. The single-phase ac—
dc converters used in phase-modular concepts are typically
extended versions of dc—dc converters with galvanic isolation,
e.g., dual active bridge (DAB) converters [18], [19], multilevel
converters [20], or series resonant converters [21]. However,
the advantage of complete modularity is opposed by the
disadvantage of a comparatively high number of components.
A reduction of the number of components is achieved by non-
modular converter topologies. Such topologies with only one
hf transformer often use a matrix converter on the ac side [22]-
[24], but other topologies are also conceivable, such as the
topology presented in [25], which is variant of the VIENNA
rectifier II topology [26] that has been extended to enable
bidirectional operation. Numerous publications also exist for
non-modular topologies with three hf transformers. Examples
are the quad active bridge converter presented in [27] and the
converters with dc-side six-switch rectifiers presented in [1],
[28], [29].

The converter presented in [28], [29] has the advantage of
using only two transistors on the primary side. Disadvantages
are high switching voltage stress on the transistors and the need
for primary-side transformer windings with center taps. These
disadvantages are mitigated by the second circuit, which is
shown in Fig. 1(a) and presented in [1]. This second topology
is referred to as isolated Y-Rectifier (iYR) and is the topology
considered in this paper. Although the iYR requires six instead
of two transistors on the primary side, fewer transistors are
still required overall compared to most other non-modular
topologies (e.g., the matrix converter-based topology, which
in total employs 16 transistors [24]). Furthermore, in contrast
to matrix converters, the switching state changes are carried
out without following a special multi-step procedure (except
for maintaining a certain dead time). Note that primary-side
capacitors are connected in series with the hf transformers to
ensure zero local average values (the average over one switch-
ing period) of the hf ac voltages applied to the transformer
windings.

Interestingly, further realization variants can be found for
the ac side of the converter under investigation. Two examples
are presented in [30]. One topology presented there is a
realization with full bridges on the ac side. Compared to
the circuit shown in Fig. 1(a), this allows a reduction of the
maximum reverse voltages across the primary-side switches to
almost one half. The second realization shown in [30] allows
the use of the monolithic bidirectional GaN switches described
in [31] and expectedly facilitates lower conduction losses.

The circuit depicted in Fig. 1(a) and the circuits presented

in [28]-[30] can generate primary-side transformer voltages,
which are identical apart from different amplitudes and employ
the same secondary-side rectifier circuit. Consequently, the
modulation scheme described in [29], which is referred to as
conventional modulation scheme in this paper and summarized
in Section II, can be applied to all these circuits. However,
the conventional modulation scheme was not derived on the
basis of optimization. Therefore, it is to be expected that
improvements, e.g., reduced transformer winding losses or
conduction losses, are achievable in certain operating regions.
This motivates the detailed analysis and optimization carried
out in this paper.

It is well known in the context of conventional single-
phase DAB dc—dc converters which operate in wide voltage
and power ranges that relatively large currents with high rms
values in the hf ac path can result. This leads to relatively
high conduction losses in the transistors and copper losses
in the transformer, since the rms value of the current in
the hf ac path is directly related to these losses [32]. In
the iYR, the conduction and copper losses in transistors and
transformers are directly related to the rms values of the
currents in the hf ac paths as well. Since it is possible to
reduce these rms values by optimizing the modulation scheme,
the first step is to carry out an optimization in this respect
as described in Section III. A discussion of the optimization
results is presented in Section IV. However, it is found that the
optimized modulation scheme not only leads to reduced rms
values of the transformer currents. In addition, the functions
of the optimized control parameters exhibit discontinuities that
can lead to difficulties in practice (e.g. excitation of parasitic
oscillations). In order to arrive at functions for the control
parameters without discontinuities, a possible reduction of
the degrees of freedom (DoFs) used for the optimization is
investigated in Section V. Based on this, a suboptimal control
method is identified, which achieves similar improvements as
the control method optimized in Section IV in wide parts of the
operating range. An experimental verification at three selected
operating points presented in Section VI finally confirms the
calculated results. Section VII summarizes the main findings
and concludes the paper.

II. CONVERTER OPERATING PRINCIPLE

A suitable concept for studying the operating principle of
the presented ac—dc converter is the Space Vector (SV) calcu-
lation [1], [29], [33]. Fig. 2(a) depicts the simplified equivalent
circuit for the iYR in SV representation, assuming (ideal) hf
transformers of the phases with same turns ratios n = N7 /Ny
and same series inductances L in the three converter phases.
The two voltage sources vp,,. and vrape refer to the voltage
SVs generated by the primary-side inverter and the secondary-
side six-switch rectifier, respectively. The inductance n’L in
the equivalent circuit is equal to the primary-side referenced
inductance L in each converter phase in Fig. 1(a). Note that the
equivalent circuit diagram of these ac—dc converters appears
to be the same as the equivalent circuit diagram of the DAB
dc—dc converter. The only difference is that in the case of the
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ac—dc converters, the two voltage sources provide time-varying
voltage SVs instead of real-valued voltages.

For a three-phase grid with sinusoidal grid voltages,

v, = V2V cos (¢g) vy = V2V cos (¢g — 2%) ’

(1
ve = V2Vy cos (¢ — ) . 6 = 21 [yl
and @ = &%, the grid voltage SV
2 .
v =3 (va + avy, + a*vc) = V2V, &?et 2)

results [34]. The primary-side half-bridges of the iYR are oper-
ated synchronously at the switching frequency and with a duty
cycle of 50 %. With this, the low-frequency (If) mains voltages
are converted to amplitude-modulated hf ac voltages, as shown
in Fig. 1(c). Accordingly, the voltage SV generated by the
primary-side inverter is either vp,,. = % (high-side switches
of all primary-side half-bridges are on) or vy, = —% (low-
side switches of all primary-side half-bridges are on) for half
a switching period.

It is well known that the secondary-side six-switch rectifier
can reside in one of eight states, i.e., six active states and two
freewheeling states. The six active states result in six different
voltage SVs with length %Vdc and the freewheeling states to
a SV with length 0, as shown in Fig. 2(b). The designations
(SaSpSc) and (SaSpSc) used for vy, and vrape in Fig. 2(b)
specify the switching states of the iYR’s primary-side inverter
and secondary-side rectifier, respectively. For example, Sa

denotes the state of the secondary-side half-bridge of phase A:

. nvg
ITabe + ——» —

(a)

/
/ N VTABC,(000)
NYTABC,(111)

- R(VTabes 7 YTABC)
N VTABC,(011) 71 YTABC,(100)
«  YTabe,(000)

N YTABC,(001) R A BT ‘n YTABC,(101)
(b)

Fig. 2: (a) Equivalent circuit in Space Vector (SV) representation for the
presented ac—dc converter. (b) SVs vy, . and vpapc that can be generated
by the primary-side inverter and the secondary-side rectifier of the considered
ac—dc converters. Note that (SaSpSc) and (SaSpSc) used in the indexes of
Vrabe and vyapce refer to the switching states of the primary-side inverter and
the secondary-side rectifier, respectively.

for Sa = 0 the switch S, is on and for Sy = 1 the switch Sp
is on.

Note that any common-mode voltage component present
in vr{ape} (t) has no effect on the transformer currents. This
not only results from the SV calculation, but can also be
easily explained using the circuit shown in Fig. 3. For this,
it is assumed that the voltages vr(yp}(t) are composed of
differential-mode voltages U’II‘{a,b,c} (t) on which a common-
mode voltage vem (t) is superimposed,

vma(t) = U'/l“a(t) + Vem(t), 3
ot () = v () + Vem (1), Q)
vre(t) = Vi (t) + vem (t). 5)

If it is assumed that the average values of vy, ,(t) and
vem(t) over a switching period are zero, the secondary-side
transformer voltages vr{a s} (t) contain the common-mode
component vy, (t)/n. However, vy, (t) has no impact on the
phase-to-phase voltages that are present at the hf input of the
secondary-side rectifier, e.g.,

VTA (t) — vrp (t) _ ’U”/Fa(t) - Ucm(t) — ’U!Tb(t) —+ Ucm(t) _

n
_ O =h()

n

Because of this, vem(t) only has an effect on the electric
potential at the star-point formed by the three secondary-side
transformer windings and has no influence on the shape of the
transformer currents, which is purely defined by phase voltage
differences, i.e. line-to-line voltages.

The iYR described in this paper is controlled by means
of SV Modulation (SVM). A typical form of SVM is the
SVPWM, which is often used for rectifiers and inverters,
as for example described in [25], [35]. With SVPWM, the
voltage formation of the converters is analyzed using the SVs
that are assigned to the individual switching states. Based
on this, the set of SVs that form the average reference SV
and the associated relative durations during which each SV is
present during a switching period are determined. Hence, this
determines the pulse pattern or the PWM of the phase voltages.
Further forms of SVMs are presented in [36], e.g. predictive
current control, which aims to minimize the deviation between
the reference current SV and the grid current SV. The use of

———

.
VTa=VTat Vem *
——

—o +

L
-
VTA~ VTB l AC
L

—— oy Ve
=+

VTb= VTb ch*

——

VIc T VTA i DC l

l—o —

.
——— o

.
VIe=VTet Vem *

Fig. 3: The presence of a primary-side common-mode voltage vem (¢) does not
affect the input voltages of the rectifier on the secondary side, e.g., vta —vTB =
(vf, — vfy)/m. Therefore, vem(t) does not affect the transformer currents.
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SVM has also been proposed in the field of three-phase DAB
dc—dc converters, e.g. for suppressing the average value of the
magnetic flux in the magnetic core of a transformer [33].

Another form of SVM is used in the converters described
in [28], [37]. This modulation scheme is not specifically
optimized, is comparatively simple, and still enables an almost
sinusoidal grid current. Since the iYR has the same equivalent
circuit diagram as the converter described in [28], the same

@ @) 1
aDio0) [(1’a)D(100)
400V »Doﬂt\f Dao) | o 80A
e e B e nvia
N I |
200V [ Dl(om) JrD(r'm)_ via [ 40A
£ iy i ,
2 0 A% i | 0 &
& [ !
S H | !
: i d
-200V 0 i —40A
400V | Do sJI Doy \ ~$0A
b Doy (1=5b) Do
H H H H 5 H | _»ﬂi
T e T T < T
0Tl b2 G0 1w Gshe 40 hs ER
Ty Ts Ts Ts 2 Ty Ts T Ts Ts 2
(a)
9/{(l-Tabc)
-60A —40A —20A 0 20A  40A  60A
300V 60 A
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VTabe 7 / \
/ \
/ \
-200V ! A —40A
d 1
(001) (101)
300V —60 A
=300V 200V —100V 0 100V 200V 300V

R(Vraves 7 VTABC)
(b)

Fig. 4: (a) Example of waveforms for vt,, vra, and i1, used to define the
control parameters @, (OI' DOa)’ ®b (or DOb)’ D(loo), D(llO), D(001)7 D(on),
a, and b. (b) Example of the trajectory of ip, . that results for the operating
conditions used in Fig. 4(a). The encircled numbers () and (@) refer to the
first and the second half of the switching period, respectively. Furthermore,
@g)Ts refers to the average value of the SV of the grid phase currents g,
iy, and ic over one switching period. For this figure, the settings of Tab. I,
Vie = 400V, and ¢g = 15° were considered. Note: the line thickness in
Fig. 4(b) is an indicator for the rate at which the trajectory changes (thick
line: low rate of change, thin line: high rate of change).

modulation scheme can also be applied to the iYR. Therefore,
this modulation scheme, which is explained in more detail in
the following, serves as the starting point for the optimization
presented in this paper. For example, for 0° < ¢, < 60° the
secondary-side three-phase rectifier uses the switching state
sequence
(000) tu:t.u
(000) —
p=tus
(000) ...
during a switching period. Here ¢, denotes the time within a
switching period and ¢,; the individual switching times. Note
that in a symmetrical three-phase grid, the analysis can be
confined to 0° < ¢, < 60° since the results in the other 60°
sectors of a grid period can be derived from this [29].

(100) = (110)

(001) — (011)

tu=tue

(100)

tu=tus tu=tua

(001) — (D

tu=tur tu=tus

Fig. 4(a) depicts example waveforms of vy, vra, and i,
that can result for this switching state sequence. According
to Fig. 4(a) and under the assumption of a constant (given)
switching frequency, eight control parameters can be identified,

tuo —tur + tH4 — tug tus — tug
D190y = & » Doy = ———, 8
T, T
tue —tu5—|—tug —tpj tuj_tuﬁ
D1y = = s Doy =—%——, 9)
T, T
tul tpo — Tt
Dy, = 2= = H 10
Oa 715 B a D(loo)TS > ( )
ty 1 tus — tus
Doy = 22 — 2, h=-H "1
T2 D 001)T5 (5

In DAB converters, the time displacement of the secondary-
side hf ac voltage with respect to the primary-side hf ac voltage
(e.g. vra versus vr, for phase a) is commonly characterized by
the phase shifts between the centers of the active time intervals
with positive and negative hf ac voltages, ¢, and ¢y. In general,
different phase shifts can be present during the first and second
half of the switching period,

D100y + D110y 1

pa =2 (D0a+<>2()—4 , a2
Door) + D 1

Qb =27 (Dob y 200 T @) 5 o _ 4> )

Fig. 4(b) depicts the trajectory of the SV i, that results
for the operating conditions chosen for Fig. 4(a). This trajec-
tory is best explained based on the SV of the inductor voltage,
nvy, shown in Fig. 2(a). According to Fig. 4(a), the rectifier
is in the freewheeling state (000) during ¢,,8 — 7§ < t, < tp;.
Therefore, nvy (t,) = v, applies during this time interval and
e Changes along the direction of v,. At ¢, = ¢y, the
rectifier changes its switching state to (001), so nv (t.) =
Uy — NUTABC,100) @PPlies during ¢1 <t < t2. For this
reason, ir,,. changes along a straight line that is parallel to
Uy — NUTABC,(100)- This process then proceeds for all switching
states.

In the context of Fig. 4(b), a disadvantage of this graphical
SV representation becomes apparent. Due to the missing
time information, the peak values can be obtained from the
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depicted SV trajectories, but not the rms values. Nevertheless,
an optimization of the rms value of the transformer current
SV was carried out for this paper. The underlying reason for
this is that the copper losses in the transformer windings and
the conduction losses of the power semiconductor switches
are proportional to the square of the rms value. However,
the peak value of the transformer current SV cannot be used
to determine its rms value. Consequently, an optimization of
the peak value would not be expedient. In order to allow an
approximate estimation of the rms value from the depicted SV
trajectories, the line width of the trajectory was adapted to the
speed at which the trajectory is traversed. A thick line denotes
a low rate of change and vice versa. This gives a subjective
indication of how long the SV iy, . remains in a certain area.
It is important to emphasize at this point that the rms value
of a SV can be calculated exactly, since besides the amplitude
and phase information, the time information of the SV is also
available for the calculation.

With the modulation scheme of [28], the control parameters
D(100)> D(110)> D(001)> D(011) are chosen so that the rectifier
forms an average voltage SV equal to QEH during “’2“—:5 <t, <
T PaTs Y, H T euTy 7Y :
7—1—? and —5 durmgg—i—g"—wgtpgﬂ—i—;—ﬂ.Thls
results in

NI
D(lOO) = D(Oll) = TM S (g — ¢g) . (14)
V3.
D110y = D(oor) = TMSIH (Bg) > (15)
where M = ﬁz‘l < % denotes the modulation index. In

addition, equal durations are chosen for the first and second
occurrences of the states (100) and (001), and the phase shifts
pa and ¢y, are set equal,

a=b=0.5, Pa = Pp = . (16)

Power control is performed by adjusting . Rectifier operation
of the iYR takes place for ¢ > 0, inverter operation for ¢ < 0.
Maximum power results for |¢| ~ 7/2, cf. Fig. 23 in [29].!
Accordingly, all available control parameters defined in (8)
to (11) are used, leaving no degree of freedom (DoF) for
optimization.

III. OPTIMIZATION OF THE MODULATION SCHEME

The optimization approach aims to determine the control
parameters that minimize the current rms values in the hf ac
paths for a given operating point (yg, Ve, P), given converter
parameters (L, n), and given switching sequence (7). It is
assumed that f; > f, applies, i.e., during a single switching
period dc—dc operation is considered. The implemented ap-
proach comprises two main methods, which are listed below:

1) A generally applicable method for calculating the rms
values of the currents in the hf ac paths of the iYR,
which is summarized in Subsection ITI-A.

2) The implemented optimization algorithm, as ex-
plained in Subsections III-B and III-C. This

Note that the variable § in [29] is equal to o/ (27).

algorithm comprehensively evaluates the above-
mentioned method (calculation of rms values) in
order to identify optimal control parameters.

In this and the following sections, the instantaneous appar-
ent power, s, and rms values in the SV representation are used.
Please refer to [38], [39] for a detailed description of these.

A. Calculation of Transformer Currents

In principle, analytical expressions could be derived for
calculating the rms values of the transformer currents based
on the equivalent circuit depicted in Fig. 2(a). However, de-
pending on the currently present sequence of switching states
of both the inverter and the rectifier, i.e. the operating mode
of the converter, different expressions result. See Appendix B
for more details. With the switching state sequence (7), the
1YR features more than 50 operating modes.

Consequently, the analytical approach would necessitate
the consideration of a large number of case distinctions.
Moreover, due to the complexity of the investigated iYR, it is
to be expected that either no closed-form expressions for the
optimal control parameters can be found or that comparatively
extensive expressions result, such as (23) in [40]. In addition,
such extensive expressions typically do not provide a deeper
insight into the interrelationships of the system than what is
possible in the context of numerical optimization. Therefore,
in this paper a script-based numerical approach, e.g., imple-
mented in MATLAB, is preferred over the analytical approach.

This script calculates a piecewise linear approximation
of the steady-state waveform of ir,.(t) during a switching
period, for given input and output voltages (v,, Vic), given
converter parameters, given switching sequences, and given
control parameters [as defined in (8) to (11)]. In a first step,
the instants of all switching operations that occur during a
switching period are calculated. The waveforms of the input
and output voltages are approximated using piecewise constant
functions. Using these waveforms and the equivalent circuit
diagram from Fig. 2(a), the steady-state waveform of ip,. (%)
is calculated.

B. Simplifications

From the eight available control parameters, one is required
for active power control and one for reactive power control.
This leaves six DoFs for optimization. However, it is typically
found in the context of a numerical optimization of a control
method that the more DoF available, the more difficult it be-
comes to obtain continuous functions for all control parameters
over the entire operating range (¢g, Vic, P). Discontinuity
points in the functions of the control parameters are usually
undesirable, as they can lead to complications in practice. In
the experimental system under consideration, for example, the
control parameters actually used are precalculated, stored in
a table, and finally determined in the microcontroller of the
converter by bilinear interpolation. To ensure that the interpola-
tion is not computed across such discontinuities, the operating
regions without discontinuities would need to be carefully
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separated from each other. In addition, abrupt changes of the
control parameters can excite undesired oscillations in the
transformer current in practice.

Therefore, two more simplifications are made. Firstly, equal
voltage time areas are assumed during the first and second
switching half-periods,

D110y = D(001)- (17)

This ensures that the average values of the magnetic fluxes in
the transformer cores disappear.” Furthermore, following the
control procedure of [29],

D100y = D(o11)>

©a = ©p =, (18)

is chosen. This leaves three DoFs for the optimization de-
scribed in the following Section III-C.

The optimization can be accelerated if the range of operat-
ing points to be investigated can be reduced. In this context it
was mentioned in Section II that in the case of a symmetrical
three-phase grid, only one 60° sector of the grid period needs
to be studied. A closer examination of the symmetries present
with the switching state sequence defined in (7) even reveals
that the range for ¢, to be examined can be confined to 0 <
¢g < 30°. In the following, this is explained by an example
for ¢, = 10° and ¢y = 60° — 10° = 50° based on Fig. 5(a).
If ¢, = 10° applies and the rectifier is in the switching state
(100), then the voltage SV yL7(100)|¢g:100 = yg|¢g:10o /n—
Urapcio0) 1 applied to L and the SV idpy [g,=100 changes
along the trajectory marked with (O in Fig. 5(a). For ¢, = 50°
and if the rectifier is in the switching state (001), the voltage
SV v, 001y l,=50° = glg,=50° /7 — Vrac 001) 15 applied to
L [marked with (i) in Fig. 5(a)]. As is immediately clear from
symmetry considerations, vy, 100)|g,=100 and vy, o1)lg,=50°
are of equal length and are mirrored about the SV axis (010),
i.e., the phase axis of phase B. Based on similar considerations
it is found that this also holds true for the inductor voltage SVs
of the remaining states and for the average value of the grid
current SV over a switching period, (i,)7;.

If the reactive power requirement over a switching period is
zero, i.e., S({s)7.) = 0, the values of the control parameters for
30° < ¢g < 60° that lead to the mirrored trajectory of ir,,. can
be directly determined from the control parameters calculated
for 0° < ¢, < 30° by swapping the control parameters,

D 001) | ¢,=60°—p0 = D(100) | =cbso» (19)
D011)]¢.=60°— g0 = D(110)dy=cbeo» (20)
D(100) $s=60°—¢y — L/(001)|py=e0> 21
D(110)|¢,=60°— g0 = D(011)|dp=050> (22)
blg,=60° - = @lp=gy0- (23)

] 6, =60° — gy = blpy=gy0- (24)

0° < g0 < 30°. (25)

2It should be noted that this only applies to dc operation when there
are no load changes. The deviations from dc operation that occur during
rectifier/inverter operation or load changes may lead to certain average values
of magnetic fluxes and are not investigated in this paper.

Consequently, equal rms values result over a switching period
for the original and the mirrored trajectory,

(26)

<lTabc,rms > T be=b0 = <1Tabc,rms > T

$e=060°—dy0"

In combination with (17) it follows that for ¢, = 30° the
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Fig. 5: Trajectories of iy, that result during one switching period for the
conventional modulation scheme, the settings of Tab. I, and Vg = 400V:
(a) ¢g = 10° () and ¢z = 50° (D); (b) g = 30°. The SV @g)n refers
to the average value of the SV of the grid currents ¢,, i, and ic over one
switching period.
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equalities

D100l ¢,=30° = D(110)lp,=300 =
= D(0o1)l¢,=30° = D(o11)l¢,=30°, (27)

a|¢g=300 =b $e=30° = 0.5 (28)

apply. Fig. 5(b) shows an example of the trajectory of iy,
for ¢ = 30°. The mirror symmetry about the phase axis of
phase B is clearly visible.

C. Flowchart of the Optimization

The optimization of (L. )7, basically considers the five
control parameters ¢, D(100), D(110), @, and b that remain after
applying the simplifications (17) and (18). Two of these are
required to achieve the required active power P and reactive
power @, where in this paper (Q = 0 is considered so that the
rectifier behaves in a purely resistive manner.

For controlling P, the hf phase shift ¢ can be used [29].
However, in the iYR, ¢ also slightly affects ). An example of
how P and () depend on ¢ is shown in Fig. 6(a) for operation
with 0 < p < 900, D(lOO) = 0277, D(llO) = 0066, a =
0.504, b = 0.481, ¢ = 10°, V4. = 400V, and the remaining
settings according to Table L.

The reactive power consumption from the grid, @ =
${(s)1.}, can be effectively adjusted by adjusting the ratio

D100) _ D100 29)

CcC =
D100y + D(110) Dy

since the voltage SVs of the states (100) and (110) point
into different directions. Note that changing c also affects P,
although less than @, cf. Fig. 6(b). Thus, the equation set

R{(s)1.(p,c)} = P and S{(s)7(p,c)} =0 (30)

10 —r— 10
P=6.0k ‘ ‘
\
7.5 L pa 7.5 =
=l P,
S ol S |
z | = PT |
< | -~ |
S 2.5 EQZO 23 2.5 34
/ =0_|' ~
0t== "J‘- = 0+ 0 ¢ B
p=52.7° =083
-2.5 ; 25 — —
i e !
) ! sLor !
0 15 30 45 60 75 90 0 02 04 06 08 1.0
0/° c
(a) (b)

Fig. 6: Characteristics of P = R{(s)1,} and Q = I{(s)7,} as functions
of: (a) ¢ and (b) ¢ for an operating point with ¢, = 10°, V4. = 400V,
Dy, = 0.424, a = 0.384, b = 0.115 [ and c are defined in (18) and (29),
respectively]. In (a) ¢ = 0.826 and in (b) ¢ = 52.7° apply. It can be seen
that ¢ mainly changes P and that ¢ has a strong effect on Q.

must be solved with respect to ¢ and c in order to achieve the
required apparent power over one switching period. Accord-
ingly, Ds;, a, and b remain for the optimization of the rms
value of the transformer current SV. Finally, for known values
of Dy and ¢, D(190) and D(110) are calculated with

D190y = ¢ Dy, Duioy=(1—-¢)Ds. (31

The optimization algorithm presented in the following
assumes defined converter settings (n, L, f;) and a defined
operating point (Vg, Vi, P). The implemented optimization
procedure considers K = 61 discrete values of ¢, in the range
between 0° and 30°,

(Z)g,k:SOO% V keNg Nk < K. (32)

The actual optimization of the current rms value em-
ploys MATLAB’s fmincon method (configured to use the
Sequential Quadratic Programming (SQP) algorithm). Since
there is no guarantee that the algorithm finds the global
minimum, the result for a local minimum may be returned,
which typically leads to unsteady characteristics of the control
parameters when examined over the operating range. To avoid
this as far as possible, the optimization starts at an initial
operating point in which the number of DoFs is reduced.
There, the computation of the global minimum is more reliable.
According to (27) and (28) this operating point exists for
¢s = 30°, ie. Kk = K — 1. Thus, only Dy remains for the
optimization. The value of Dy, obtained from this optimization
is then used to determine the initial values for the less robust
subsequent optimization, in which three DoFs are available (a,
b, Dy;). Subsequently, the results of each optimization are used
to determine the initial values for the next optimization, which
is described later in the context of the explanation of the flow
chart shown in Fig. 7(b).

The main flow chart of the optimization procedure is shown
in Fig. 7(a) to illustrate this process. Note that the circled
numbers on the right side of Fig. 7 serve to establish a link to
the description given below.

In a first step, the control parameters are optimized for
¢o = 30° (D in Fig. 7(a)). This is because the start values used
for each optimization step are based on the results obtained
in the previous optimization step. Since the symmetries at
¢, = 30° lead to a = b = 0.5 (see Subsection III-B), only
one parameter (i.e., Dyx) needs to be optimized at ¢, = 30°.
Consequently, the optimization is more robust at this operating
point. Subsequently, the control parameters for the remaining
grid phase angles ¢, ;; < 30° are optimized [steps (), 3, and
® in Fig. 7(a)].

For a given grid phase angle, the control parameters are
optimized according to the flowchart shown in Fig. 7(b)]. In
order to make the computation of the global minimum more
robust, the optimization is performed for multiple initial values
for Dy, a, and b. In this context, the list of start values is
initialized first, in step (5). In total, eleven different start values
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Ds; k.4, ax i, and by, ; are considered, as given in Table I1.3 The
calculated start values are limited to permissible value ranges

( Given: operating pt. (Vg, Ve, P), hardware settings (n, L, f;), K ) according to
[fee=30° a= b= Vs k=K —1] 3T K KD D sariki = Alip(Dsstares 0.01,0.49), (33)
| | Determine and store optimal ct)ntrol parameters for ¢, =30°] | (D Ostartk.i = Chp(asm“wkvi’ 0.01, 0‘99)’ (34
——t ® bsari i = clip(Bsgart i, 0.01, 0.99), (35)
Tmin  V T < Tmin
$es =30° k/(K—1) ©) clip(, Tmin, Tmax) = T V' Zmin < T < Tmax

Tmax V  Tmax <T

| |Determine and store optimal control parameters for ¢g.k<30°| | @ (36)
yes

k>?10 In a next step, Dx s ars, and by, are set to the first

start values from this list (steps (§) and (7)). Subsequently,

(@) MATLAB’s fsolve method is applied to find the values of
¢k, and ci,; such that (30) is fulfilled .4 The results for
C Given: operating pt. (Vy, dgs, Vae, P), hardware settings (n, L, £;), k, > ck,; and ¢y ; are used to calculate D(loo),k,i’ D(llo),k,z‘ ®,

control parameters Ds o k+1, Qoptitis Kl ;
opubtts Gopuirts Dopuie and (Ippeme)7, 0. MATLAB’s fmincon method evaluates

Generatg sequences of bstart values (5)  the obtained result and adjusts Ds i ;, ak;, and by, ; according
Lstart,ks astan,kv 'start,k . . . . .
based on Dy, opis+1 Qoptit1> Poptie1- to the SQP algorithm or returns the optimization result if the

termination conditions are fulfilled (). The obtained solution

© (rms value of the transformer current SV and related control
Ds ;= i-th element of Dy sarc parameters) of the i-th optimization run is stored in step @
@, := i-th element of sy @ and the optimization for the next initial value is carried out.

ki
by; = i-th element of bk L. .
 MATLABS Frincon After all eleven optimization passes have been performed, this

i7

_ MATLAB’s fsolve algorithm determines the optimization pass that resulted in the
Solve  ($)r(prp cx)) =P +j0 see (30) lowegt Valqe for 'ITabc,rms () and returns the control parameters
using Bicays = @B e 31) of this optimization pass (4.

D(I 10),ki = (1 7Ck,i)D2,k,i

and subiectto 0 < e, < 1 Note that the first optimization run for ¢y = 30° (step (D
) —90° < ;2'[ <90° in Fig. 7(a)) is performed according to a simplified version of
to determine Pris Chi the flowchart shown in Fig. 7(b). There, a = b = 0.5 and six
T start values, Dy g x = (0.25, 0.3, 0.35, 0.4, 0.45, 0.49), are

© used S

D100y 4= CkiDs i

D10y ji=(1—cri) Dy e .
L (, i) D, The complete optimization procedure is performed for
[ [ Cale. {Frabemo)r(@rs Datooyiis Danoyris aw bo) | | G x H = 12 x 21 different operating points defined by V.

see (31)

Adjust Drxs and’ I.dc = P/ ‘./}10..The range for Vg, is divided into G = 12
a; equidistantly distributed values,
ki Termination
. no . 5 750V — 200V)
subjectto 0 <Dy, <% Conditions of fmincon @ —9 g(
0<an<1 fulfilled? Vieg =200V + a_1 VgeNo A g<C.
0<by<1 (37)
to achieve decrease of Itabe,ms . 3
With respect to Iy, the maximum dc current that can be
i yes @ achieved for a given value of L, I4c 1 max, 1S determined in
|Store solution: {Zms tocatmin,) 1 = {Lrabe,ms) 7(Pris D100y ki D110y kis i bk,i)l a first step. In this context, a detailed inspection of the dc
Increment i by | [<—=— NB: Number of start current computed with the numerical method summarized in
values equals 11. . . . .-
i __yho Subsection III-A reveals two findings. First, it is found that the
| J o arg mm(y““s*"’“lmi“m) | @ minimum value of I4c, 1max Tesults for ¢, = 30°. Consequently,
Store the control parameters computed in optimization run j: the maximum achievable dc current needs to be evaluated for
Doptk *= P j» D(I(J();opl‘k {:?(l()()),k.jy _E(I;'Ompl.k =Da0)k» this grid phase angle. Second, Idc,L,max results for Y~ 90°
o T Toett H and maximum relative durations D199y and Dq1¢y, which is
"

3The subscript k is added to the control variables, since different optimal
control parameters result for different values of k, i.e., for different grid phase
angles. For example, the optimal time duration of switching state (100) is
referred to with Dy100),0pt,k-

4Note that the solver may fail to fulfill (30) for small values of Ds k. i-
In this case, the optimization is restarted with the next start value for Dy . ;
[for reasons of keeping a clear presentation, this is not shown in Fig. 7(b)].

Fig. 7: (a) Main flow chart of the optimization procedure. (b) Flow chart of
the subroutine used to determine and store the optimal control parameters.
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not surprising given the DAB-like topology of the iYR. Based
on these findings and due to the symmetry conditions (27)
and (28), I4c.1.max can be estimated by evaluating the converter
at (bg = 300, @Y = 900, D(lOO) = D(llO) = 0.25, and
a = b = 0.5. The value determined for I4c 1 max is divided
into H = 21 equidistantly distributed values,

h
Taen = 90% laoomax z7—7 ¥ h €No A W< H. (38)

H

Note that dc currents up to 90 % Iy . max are considered. This
addresses the fact that due to losses and component tolerances
in a real system, it may not be possible to achieve Iy =

Idc,L,max~

In total, the optimization returns G x H x K = 12 x
21 x 61 = 15372 different values for the control parameters.
These optimized control parameters are stored in tables that
are stored in the microcontroller used to control the converter.
The microcontroller determines the control parameters from
these table values using bilinear interpolation, cf. [32].

IV. OPTIMIZATION RESULTS

The improvement achieved by means of optimization is
evaluated using the criterion

Iﬂ C,rms,conv 2
<<Tb’ ’ >Tg> —1. (39)

<I Tabc,rms,opt > Ty

Here, (ITabC,rms,ConQTg and (Itubemsopt)7, denote the average
rms values of the transformer current SV for conventional and
optimized control, respectively, over a grid period and at a
given operating point (except for ¢,),

1 27
<ITabc,rms,opt>Tg = \/271_/0 [<ITabc,rms,opl>T§(¢g)}2 dd)g 5
(40)
1 27
<ITabc,rms,c0nV>Tg = \/271_‘/0 [(ITabc,rms,conv>Ts(¢g)]2 d¢g .
(41)

Accordingly, (39) determines the relative increase in conduc-
tion losses at a given operating point.

TABLE 1II: Definition of how the initial values Ez,slarl,k,i, Qgtart ,i» and
bgtark,; used for the optimization for ¢, ) < 30° are calculated from the
previous optimization results.

i DZ&arLk,i as&an.k,.'i bstan.k,.i
1 Ds opt + 1 Qoptk + 1 boptke 4 1
2 1.1 Dsoptk 4 1 Goptk + 1 bopt.k + 1
3 0.9 Ds optke + 1 Goptk + 1 boptk + 1
4 Ds ok + 1 1.1 aopir + 1 boptk + 1
5 Dsoptk + 1 0.9 oprk + 1 boptk + 1
6 DZ,npl,k +1 Qopt,k + 1 1.1 bop(.k +1
7 Ds opt ke + 1 Qoptk + 1 0.9 boptk + 1
8 1.1Dsopk +1 Llagk+1  1.1bopk + 1
9 0.9Dsoptk +1  09aopk +1  0.9boprk +1
10 11Dsepr+1  09acpr+1  0.9bopk +1
11 09Dsoprw+1  Llagr+1  1.1bopr +1

Fig. 8 depicts the values resulting for (39) over the oper-
ating range and for the converter settings specified in Table 1.
Especially in the range of low output currents, Jg. < 6 A, the
conventional modulation scheme causes significantly higher
conduction losses than the optimized modulation scheme. Fur-
thermore, the conventional modulation scheme cannot cover
the range with high output voltage and high output currents
(e.g., V¢ = 750V and Iy = 15A). This is because (14)
and (15) determine D100y and D110y based on the reciprocal
of Vi, without considering Ig.. The resulting reduction in
the average voltage SV generated by the rectifier over half a
switching period leads to a reduction in the maximum output
power.

Fig. 9 depicts the characteristics of (Itape,rms,opt) 7, (¢¢) and
the optimized control parameters for V4. = 200V and three
different output currents (I3 = 3.14 A, 7.07 A, and 14.1 A) for
0 < ¢, < 60°. Although the functions of (Itabe.rms,opt) 7, (®g)
and ¢(¢,) shown in Fig. 9(a) and Fig. 9(b) are continuous, the
functions of D(100)(¢g), D(110)(¢e), a(¢g), and b(¢py) shown
in Fig. 9(c) and Fig. 9(d) have discontinuity points, which are
undesirable, as mentioned in Subsection III-B.

The reason for such discontinuity points in the control
functions is that certain operating points exist at which differ-
ent values of the control variables lead to the same minimum
value of (Ityperms) ;- In Fig. 9, for example, this is the case
for Iy = 14.9A and ¢, ~ 17.5°. However, for ¢, = 17°
the optimum only occurs for the operating point at ayy = 1
and by ~ 0.5, whereas for ¢, = 18° the optimum occurs
at aip ~ 0.5 and by = 0. Optimization results that lead to
control functions with discontinuity points can be found in the
literature for other converters, e.g. in [41] in the context of
the optimization of the Weighted Total Harmonic Distortion
(WTHD) of an inverter, which pursues the aim of minimizing
the rms value of the load current. The optimal control functions
can also show discontinuity points there, as can be seen in Fig.
9.22 in [41].

(<[lhbc.rms.conv>7‘g / <ll'abc.rms,op!>7g)2 -1

750
700 | AR Iue not feasible
100% with conv.
modulation
600
IR ARTRRNN
Z 500 ]
f400 2/0%/ // ' \ N
10% /2.5% 0.2% 5.0%
300 (5.0%\[1.0%[ ) 1.0%]25%
__________ ===l _——=F—__C =
3
200 Vae\2 V=282V

0 2 -+ 6 8 10 12 14 16
Iic ! A

Fig. 8: Results obtained for (39) over the operating range (indicated by the
blue line) and for the converter settings (fs, n, L) specified in Table 1. The
optimized modulation scheme achieves lower conduction losses, especially in
the low power range. Note that the conventional modulation scheme cannot
cover the range of high output voltages and output currents (hatched area).
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V. SIMPLIFIED MODULATION SCHEME

According to Fig. 9, especially the functions of a and b
show pronounced discontinuities. To avoid these, it is reason-
able to determine the rms values of the transformer currents
that can be achieved for constant values for a and b. With
a = b = 0.5, the conventional modulation scheme achieves a
rms value of the transformer current that is close to the opti-
mized value over a relatively wide operating range, cf. Fig. 8
for I4. > 7 A. For this reason, a suboptimal modulation scheme
with a = b = 0.5 is investigated. The underlying idea is that
this leaves only Dy, as a DoF for optimization, which supports
the generation of continuous functions for Do) and D q1).
The optimization of the control parameters for the suboptimal
modulation scheme is carried out according to Fig. 7 with the
only difference that @ = b = 0.5 is considered for all values
of ¢, ie. for 0 <k < K — 1.

Fig. 10(a) and Fig. 10(b) depict the results for

2
( <ITabc,rms,sub0pt>TE > 1 (42)
<I Tabc,rms,opt > T, ’
2
( <ITabc,rms,c0nv>Tg > 1 (43)
<I Tabc,rms,subopt > T,
25 T
< ?(5) —-—'-ITahc.?'ms,III —
?; 10 [Tabc,‘rms,ll
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Fig. 9: (a) Characteristics of (Itape,ms,opt)7y for Ve = 200V and three
different output currents (I: Ige = 3.14 A, II: Iy, = 7.07TA, IIl: I =
14.9 A) for 0° < ¢y < 60°. (b)~(d) Characteristics of the optimized control
parameters that lead to (ITabc,rmsyopQTg depicted in subfigure (a). The plots
shown in subfigures (c) and (d) reveal clearly noticeable discontinuity points.

There, (Itabemssubopt)7, denotes the overall rms value of
<-[Tabc,rms,subopt>Ts over a grid period,

1 27
<ITabc,rms,sub0pt>Tg = \/271_/ [<ITabc,rms,sub0pt>Ts((ng)]2 dqbg .
0
(44)

ACCOYding to Flg 10(3), <ITabc,rms,subopt>Tg ~ <ITabc,rms,opl>Tg is
achieved for most operating points. Only operation with low
output voltage and low output current results in a significant
value of (42) (e.g. of approximately 10 % at Vg, = 200V and
I =5A).

According to Fig. 10(b), the suboptimal modulation scheme
achieves a significant reduction in the transformer rms current
values, particularly in the range of high V4. and low Ig.
This relationship is also apparent from the SV trajectories
shown in Fig. 11(a) for V3. = 750V, P = 1.2kW, and
(z)g = 10°. There, <ITabc,rms,conv>Ts and <ITabc,rms,subopt>’R equal
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Fig. 10: (a) Results obtained for (42) over the operating range (indicated by
the blue line) and for the converter settings (fs, n, L) specified in Table 1.
According to this result, the rms values of the transformer currents optimized
for a = b = 0.5 are close to the comprehensively optimized values at
most operating points. (b) Results obtained for (43), calculated for the same
conditions as for subfigure (a). Interestingly, for I3, > 6 A and Vg, < 350V
an operating range is observed (shaded blue), where the control parameters of
the suboptimal modulation scheme lead to slightly higher conduction losses
than those of the conventional modulation scheme. This is caused by the
constraint Q = 0 considered for the optimization, as explained in the text.
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to 16.0 A and 11.1 A result for the two modulation schemes.
This figure reveals that the maximum magnitudes of the SVs
are substantially larger for the conventional modulation scheme
than for the suboptimal modulation scheme. For completeness,
Fig. 11(b) shows the waveforms of ir, for the same operating
point and over two switching periods. This figure clearly re-
veals that the suboptimal modulation scheme achieves a lower
rms value of the transformer current SV than the conventional
modulation.

A further interesting result of Fig. 10(b) is the blue shaded
range at I3 > 6 A and Vg < 350V. In this marked range,
<-Z’Tabc,rms,subopt>Tg > <ITabc,rms,conv>Tg appliSS, which seems to
challenge the validity of the optimization. This result can be
attributed to two reasons. First, the conventional modulation
scheme keeps ¢ constant, where the value for ¢ is selected in
such a way that the iYR provides the required power on aver-
age over a grid period. However, for constant ¢, a fluctuation of
the instantaneous power can result, as shown in Fig. 12(a) for
an example operating point (V4. = 200V, P = 3kW). This is
not the case for the suboptimal modulation scheme, where the
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Fig. 11: (a) SV trajectories of 4p, . for the conventional (yellow) and
the suboptimal (magenta) modulation schemes: (ITaberms.conv) T, = 16.0 A,
(ITabe,rms,subopt) T, = 11.1 A. (b) Waveforms of 4, for suboptimal (solid lines)
and conventional (dashed lines) modulation. Operating point: V4. = 750V,
P =1.2kW, and ¢y = 10°.

control parameters are continuously adjusted to result in a con-
stant instantaneous power. According to Fig. 12(b), this leads
to larger changes in (Jtapc rms,subopt) T, OVET ¢ (gray curve) than
for (Itypermsconv)T,- Consequently, a slightly larger total rms
value results for the suboptimal modulation scheme. If, instead,
the control parameters for the suboptimal modulation scheme
are determined on the basis of the function of the instantaneous
power that results for conventional modulation, i.e., for the red
curve in Fig. 12(a), the bold black function is obtained for
(Irabe,rms,subopt) T, - Interestingly, it is immediately apparent that
this curve still results in a higher average rms value than that
of the conventional modulation scheme.

This leads to the second reason, namely that the boundary
condition @ = 0 is not considered in the conventional scheme.
By removing this constraint from the optimization, a further re-
duction in the current rms value can be obtained. This result is
rather unexpected, i.e., for a given average power and non-zero
average reactive power over a switching period, the rms value
of the transformer current can be reduced. Fig. 13 illustrates
this relationship for Vg = 200V, (psubopt), = 3.04kW, and
¢ = 10°. There, the conventional modulation scheme causes
a reactive power of 107 VA, and (Itabermsconv)7, = 18.96 A.
The optimized scheme achieves (ITabC,rms,opJTs = 19.3 A for
(q)1, = 0, which decreases with increasing reactive power. For
<q>TS = 107VAr, <ITabc,rms,01.)l>Ts =1895A < <ITabc,rms,conv>TS
results.

This unexpected result can be explained by the working
principle of the primary-side part of the iYR which comprises
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Fig. 12: (a) Characteristic of <pmnV)Ts as function of ¢g, which results
for the conventional modulation for Vg = 200V and ¢ = 50.7°.
(b) Characteristics of (ITabe.rms.conv) Ty a0d (ITabe.rms,subopt) T, s functions of
¢g. (ITabe,rms,subopt) 75 is once determined for constant power (gray curve)
and once for (pc(,m,>TS (solid black curve). The rms values of the cur-
rents over a grid period are: (ITames,mnﬁTg = 19.0 A (magenta curve),
(ITabC,nm’Subom)Tg = 19.3A if (pepop)T, 1s kept constant (gray curve),
and <ITabc,rms,subopt>Tg =19.2A if <psubopt>Ts (¢g) = <pC0nv>TS(¢g) applies
(black curve).
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the line filter and the primary-side switching stage of the iYR.
The primary-side switching stage of the iYR forms the time
characteristic of the unfiltered grid current SV by transferring
iabe tO the grid side during half the switching period. The
line filter (symbolized by the filter capacitors on the grid side
in Fig. 1(a)) suppresses the HF components of this highly
fluctuating unfiltered grid current SV. In most cases, the hf ac
trajectory of the transformer current SV and the grid voltage
SV have different directions. Consequently, a certain phase
shift between the grid current SV and the grid voltage SV can
enable the trajectory of the transformer SV to be shaped in such

21
< \ <[Tabc,rms,sub0p1>TS(<(1> TS)
) ~
g \ <[Tahc,nns,co|w > T
ST [
\\
18 i
=500 —400 =300 —200 —=100 0 100 200 300 400 500

(@)r, ! VA

Fig. 13: Dependence of (Irapcrmssubopt)7, 00 (g)7, for Vg = 200V,
(Psubopt) T, = 3.04kW, and ¢y = 10°. At this operating point, the conven-
tional modulation scheme generates (g)7, = 107 VA, and (Irape rms,conv) T, =
18.96 A. For the same reactive power, the suboptimal modulation scheme
yields (I"l"abc,rms,subopt>TS =18.95A.
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Fig. 14: SV trajectories of i, for the suboptimal modulation scheme using
(@)1, = 0 (yellow) and (g)7, = 450 VA, (orange) and the conventional
modulation scheme (magenta). The encircled numbers (D) and (@) refer to
the first and the second half of the switching period, respectively, and (ZQTS
refers to the average value of the SV formed by <., i, and ic over one
switching period. Operating point: Ve = 200V, (psuopt) 7, = 3.04 kW, and
bg = 10°.

a way that a lower rms value (Irperms)7, results. As a result,
the dependence of (Irubermssubopt)7; ON (g)7, is a function of
¢,. For ¢, = 30°, the minimum value of (Iube rmssubopt)7; 1S
achieved for (¢)7, = 0. For ¢, = 50°, the function shown in
Fig. 13 mirrored about the y-axis results for (Itabe,ms.subopt) T »
i.e., in this case a reduction of (Iube,rms subopt) 7, Can be achieved
for {(¢)1. < 0.

In the following, this remarkable characteristic of the iYR
is examined in more detail. Fig. 14 depicts the trajectories of
irane that result for the same operating point (Voo = 200V,
(Psubopt), = 3.04kW, and ¢, = 10°), for the conventional
modulation scheme and for the suboptimal modulation scheme
using (¢)7; = 0 and (¢)r; = 450 VA,. This figure shows
that the maximum distance of the trajectory of iy, from the
origin is slightly less for the conventional scheme than for
the suboptimal modulation scheme at (¢)7; = 0. However,
the reduction in the distance of the trajectory from the origin
becomes particularly apparent for the suboptimal modulation
scheme at (q)7, = 450 VA,. Nevertheless, this finding does
not yet provide a relationship to the rms value of a trajectory
of the SV, (Itubcrmsconv)7;» @ not only the value of the SV,
but also the duration for which the SV remains at a certain
value determines its rms value. It is therefore important to
know not only the value of the SV but also the speed of the
SV, which is indicated by the line thickness in Fig. 14. A
thick line indicates a low speed. According to Fig. 14, the
SV i (t) stays in the outer areas of the trajectories for
relatively long times in all three cases shown, which means
that the rms value is highest for suboptimal modulation with
<Q>Ts =0 (<ITabc,rms,subopt,<q)Tb :0>TS = 19.3 A), in between
for conventional modulation ({Itapemsconv)7, = 19.0 A), and
lowest for suboptimal modulation with (¢)7, = 450 VA,

(<ITabc,rms,subopt,(q)n = 450 VAr>Ts =181 A)

Fig. 15 depicts the characteristics of (ITabe rms subopt) 73 (Dg)
and the optimized control parameters for V4. = 200V and
three different output currents (Ilye = 3.14 A, 7.07 A, and
14.9A for 0 < ¢¢ < 60°), which are now continuous. Overall,
a comprehensive evaluation in the considered operating range
reveals that continuous characteristics result for all control
parameters for the suboptimal modulation scheme.

Fig. 16, Fig. 17, and Fig. 18 present (ITabcrmssubopt)T:
and the associated control parameters as functions of P,
¢, and Vg, respectively. For comparison, these figures also
include (ITapermsconv)7, and the associated control parameters
determined with the conventional modulation scheme. For the
respective constant values, Vg = 400V, ¢, = 10°, and
P = 3kW were selected.

Fig. 16 shows an increase of the optimized values for
D100y and D119y with increasing power. Accordingly, the
increased rms values of the transformer currents that result
for the conventional modulation scheme at low and very high
power levels can be explained by the fact that in (14) and (15)
the control parameters D10y and D(;10) are independent of
P. However, it can be seen from Fig. 17 and Fig. 18 that their
dependencies on ¢, and Vg, as set by (14) and (15) are close
to those obtained by the optimization. According to Fig. 16

Authorized licensed use limited to: ETH BIBLIOTHEK ZURICH. Downloaded on October 15,2024 at 08:56:21 UTC from IEEE Xplore. Restrictions apply.

© 2024 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE Journal of Emerging and Selected Topics in Power Electronics. This is the author's version which has not been fully edited and

content may change prior to final publication. Citation information: DOI 10.1109/JESTPE.2024.3475826

and Fig. 18, substantial improvements can be achieved in low
power and high output voltage ranges. By way of example,
the rms value can be decreased from 19.6 A to 17.6 A for
Vae =750V, ¢y = 10°, and P = 3kW.

VI. EXPERIMENTAL RESULTS

The experimental verification has been carried out over a
full grid period and for following three operating conditions
(OC):

o OCI: Vg =400V, P =20%Pyom = 1.2kW.
o OC2: Vg =400V, P = 35%Pyom = 2.1kW.
e OC3: Vg =400V, P =75%Pyom = 4.5kW.

The first two operating conditions were selected because the
suboptimal modulation scheme achieves a significant improve-
ment of the rms value there, as shown in Fig. 10(b). The third
operating condition is used for verification of the operation in
the power range with more than 50 % of the nominal load.

The hardware demonstrator employed for this verification
realizes the topology depicted in Fig. 1(a) and features the
general parameters listed in Tab. I. It has to be pointed out
that this hardware demonstrator is only used for the purpose
of verifying the presented modulation scheme. Since the opti-
mization objective is to achieve a low rms value of the SV of
the grid current over a grid period, this Section focuses on the
verification of this rms value. Consequently, it must be ensured
that parasitic effects cause only minor deviations of the rms
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Fig. 15: (a) Characteristics of (Iabc,rms,subopt) 73 for Vie = 200V and three
different output currents (I: Ige = 3.14 A, II: Iy, = 7.07TA, IIl: I, =
14.9 A) for 0° < ¢g < 60°. (b)—(c) Characteristics of the optimized control
parameters that lead to (ITabC,m,s,opl)Tg depicted in subfigure (a). Note that
a = b = 0.5 applies for the suboptimal modulation scheme. Compared to
Fig. 9, the plots reveal no discontinuity points.
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Fig. 16: (a) Characteristics of (Itapc,rms,subopt) 7, fOr ¢g = 10°, Vge =400V,
and 0 < P < 6kW; n and L as given in Table I. (b) and (c) Characteristics
of the control parameters of the suboptimal modulation scheme that lead to
(Itabe.rms.subopt) T, depicted in subfigure (a).
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Fig. 17: (a) Characteristics of (Irapc,rms,subopt) T for 0° < ¢g < 30°, Vg =
400V, and P = 3kW; n and L as given in Table I. (b) and (c) Characteristics
of the control parameters of the suboptimal modulation scheme that lead to
(ITabe,rms,subopt) T, depicted in subfigure (a).

values. In particular, a high accuracy of the pulse waveforms
at the switching nodes concerning timing and voltage levels
is important. Furthermore, the value of the total inductance
L must accurately match the required value. Accurate pulse
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Fig. 18: (a) Characteristics of (ITapc,rmssubopt) 7y for ¢g = 10°, 200V <
Vae < 750V, and P = 3kW; n and L as given in Table I. (b) and
(c) Characteristics of the control parameters of the suboptimal modulation
scheme that lead to (Irapc,rms,subopt) 7, depicted in subfigure (a).

waveforms are achieved by using fast SiC MOSFETs with
low on-state resistances (Cree C3MO0016120K, one device
per switch) and fast gate drivers (Infineon 1ED3124MU12F).
This allows to set the dead time, i.e., the time between the
turn-off and turn-on processes of the MOSFETs of a half
bridge, to a low value of 140ns (corresponding to 1% of
T;). With regard to the three transformers, power components
that are readily available in our laboratory have been used.
Each transformer has primary and secondary self-inductances
of L1 = Lo = 620 uH, a leakage inductance of L, = 7.3 uH,
and a turns ratio of one. Carefully adjusted external inductors
(inductance of 6.7uH each) have been connected in series
to these transformers on the secondary side, resulting in a
total inductance of 14 uH in each phase.’> With regard to the
capacitors, three grid-side filter capacitors [e.g. C, in Fig. 1(a)]
with 4 uF each (WIMA MKP4 film capacitors), three primary-
side series capacitors [e.g. Cs in Fig. 1(a)] with 4.7 uF each
(WIMA MKPI10 film capacitors) and an output-side capacitor
Cyc = 360puF (consisting of 6 x 60uF polypropylene film
capacitors by TDK) have been used. A Xilinx Zynq-7000
system-on-chip component, which is operated with a digital
clock frequency of 100 MHz, realizes the digital control.

Both the conventional and the suboptimal modulation
scheme operate the iYR in such a way that a transfer of a
defined amount of energy, e.g. from the grid side to the dc
side, is achieved during one switching period. Consequently,

5Due to the comparatively low value of L of 14 uH, it may be possible
to optimize the transformer so that its leakage inductance realizes the entire
required series inductance. In such a case, the additional inductance connected
in series to the transformer could be omitted.

the iYR can achieve approximately sinusoidal grid currents
also without a closed-loop control of the three phase currents.
However, the modulator must know the currently present grid
phase angle so that the correct gate signals can be generated. In
this setup, this detection of the phase angle is done by means
of a digital phase-locked loop.

Fig. 19 presents different measured voltage and current
waveforms over 2.5 grid periods (= 50ms). Fig. 19(a)
and Fig. 19(b) show results for operation with suboptimal
modulation for OCI1. Fig. 19(a) shows the phase-to-neutral
voltage of grid phase a and the three grid currents. This
measurement illustrates the correct three-phase operation of the
demonstrator. The total harmonic distortions (THD) of the grid
phase currents i,, iy, and i, are 2.26 %, 2.22 %, and 2.21 %,
respectively. As the used oscilloscope (HDO 6104 by LeCroy)
provides four channels and due to the symmetry of the three-
phase system, waveforms with practically same shapes result
for the three phases. Therefore, a second measurement was
carried out exclusively for voltages and currents of phase a.
This second measurement comprises the input voltage v,, of
the primary-side half-bridge of phase a, the phase-to-neutral
voltage v,, the grid current 7,, and the secondary-side trans-
former current ita.® Fig. 19(b) shows the measured waveforms.
Since the primary-side switching stage is operated using the
clamping method described in [42], the shown waveform of
vy results, i.e., after a 120° sector of the grid period has
elapsed, a clamping interval (v,, = 0) is enforced during a
60° sector of the grid period. Note that the clamping processes
only affect the common mode voltage at the transformer
and therefore have no effect on the primary-side transformer
winding voltages vt,, vtp, Ure, cf. Section II and Fig. 3. The
rms values of the four measured waveforms, as calculated
by the oscilloscope over a grid period, are displayed at the
bottom of the figure. On closer inspection, it can be seen that
i, 18 leading the grid voltage v, by approximately 10°. This
capacitive reactive power requirement is caused by the filter
capacitors [e.g. C, in Fig. 1(a)] and the dc-blocking capacitors
Cs of the iYR.

Fig. 19(c) depicts measured waveforms for operation with
conventional modulation at OC1. The waveforms of v,,, va,
and ¢, are practically identical to the waveforms measured in
Fig. 19(b). The THD of i, is 4.0 %. The measurement result
of ia reveals a slightly larger envelope compared to the result
in Fig. 19(b), which is also confirmed by the increased rms
value (7.87 A instead of 6.25A).

Fig. 19(d) shows the measurement result for operation with
suboptimal modulation at OC3. There, 7, and v, are almost in
phase. The rms value of ity is 15.8 A.

6Since the additionally used series inductors used to realize the total
inductance L of the iYR are placed on the secondary side, the secondary-side
current was measured. In this way, minor deviations in the inductor current as
caused by the magnetizing current of the transformer can be further reduced.
Since the turns ratio of the transformer is n = 1 and because the calculation
does not take the magnetizing current of the transformer into account, the
measured secondary-side transformer current can be directly compared to the
calculated primary-side transformer current.
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In total, six measurements such as those shown in Fig. 19
were carried out, i.e. for OC1, OC2, and OC3 and for the
conventional and suboptimal modulation schemes. The sam-
pling time of the recorded waveforms is 2ns and the mea-
surement duration is 50 ms (25 million samples per measured
waveform). The rms values of iy over a grid period (/1A rms)s
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Fig. 19: Measured waveforms over 2.5 grid periods (= 50 ms): (a) Phase-
to-neutral voltage v, and phase currents i,; . for suboptimal modulation
and OCI1; (b) waveforms of selected voltages and currents of phase a,
for suboptimal modulation and OCI; (c) conventional modulation, OCl1;
(d) suboptimal modulation, OC3.

the THD values of i,, and the power factors in phase a
were calculated in MATLAB. Based on the assumption of
three-phase symmetry, the rms value of (/tapc,ms)7, can be
calculated according to:

V2Itp rms- (45)

The above expression directly results from equation (34)
in [39], since the rms values of the three phase currents are
equal in a symmetrical three-phase system. In the context of
the experimental verification, the use of (45) is justified by
the fact that the three-phase laboratory voltage source used
(Programmable AC Source 61509 by Chroma) generates a
symmetrical three-phase voltage system and, apart from minor
asymmetries due to component tolerances, the demonstrator
also features three-phase symmetry. The results are listed in
Tab. IIT and Tab. IV in comparison with calculated and sim-
ulated results. As can be seen from these tables, the measured
and the simulated results are in very good agreement. However,
slight differences appear in comparison to the calculation.
As can be easily determined using circuit simulations, these
differences are mainly due to the dead time of 140 ns, which
is not considered in the calculation. Although the converter
is operated without feedback control, low THD values are
achieved even at low output power.

{(ItABC.rms) T, =

Fig. 20 provides a detailed view of the waveforms of vra,
vTB, VrC, Us/ (the voltage across the primary-side switch S)),
and 4ta during a time period of 50 us. For the operating point,
OCl1 and ¢, = 10° were selected. Suboptimal modulation is
used for Fig. 20(a) and Fig. 20(b). The waveforms depicted
in Fig. 20(c) result for conventional modulation. Note that a
direct measurement of vra, v, vrc using differential voltage
probes resulted in waveforms with pronounced superimposed
oscillations. In order to avoid these oscillations, the voltages
vsy, Usy, and vgy, at the three secondary-side low-side switches

j\, {3, and S were measured and the transformer voltages
were determmed in the oscilloscope using its maths channels:

Usy T Usp +Us;

3 ; (46)

VABCO =

TABLE III: Conventional modulation: rms values of the transformer currents
for the three operating conditions (OC) defined at the beginning of section VI
and measured THD values and power factors, A, for phase a.

oC V;lc Idc (ITABC,rms,conv > Tg THD A
Calc. Sim.  Meas.

OC1 404V 3.04A 11.0A 11.1A 11.1A 4.0% 0.955

OC2 400V  5.22A 12.9A 13.1A 13.0A 23% 0.983

OC3 396V 11.4A 21.0A 21.7A 21.8A 1.8%  0.996

TABLE 1IV: Suboptimal modulation: rms values of the transformer currents
for the three operating conditions (OC) defined at the beginning of section VI
and measured THD values and power factors, A, for phase a.

ocC Ve Iy (TTABC,rms,subopt ) T THD A
Calc. Sim.  Meas.

0OCl1 402V 3.02A 86A 88A 88A 2.3% 0.955

0ocC2 399V 5.21 A 11.6 A 11.9A 12.0A 1.9% 0.982

0C3 401V 11.5A 21.4A 22.1A 223A 0.79% 0.996
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Fig. 20: Measured waveforms over a time period of 50us, for OC1 and
¢g = 10°: (a), (b) suboptimal modulation; (c) conventional modulation.
Calculated rms values over T’ at this operating point: It imssubopt = 8.7 A,
ITA,rms,conv =10.6 A.

UTA = Vg, — UABCO,» UTB = Vs — VABCO, UTC = Vg — VABCO-
(47)

Since the used oscilloscope provides four measurement chan-
nels, either vs; or ita was measured under the same operating
conditions, see Fig. 20(a) and Fig. 20(b). The black dotted
lines represent the calculated waveforms as determined with
the method summarized in Section III-A. Apart from minor
deviations, the calculated and measured curves coincide. The
deviations can be attributed to simplifications in the calcula-
tion, such as the neglected dead time and that the switching
operations are assumed to be ideal.

At first sight, it4 in Fig. 20(b) and Fig. 20(c) appear to
have nearly the same waveforms with similar peak values,
which may raise the question of why their rms values should
be different. Nevertheless, with 8.7 A (suboptimal modulation)
and 10.6 A (conventional modulation), the measured rms val-
ues of i1s (determined over one switching period) are clearly

different. This can be explained by the regions marked with I
and IT in Fig. 20(b) and Fig. 20(c). These regions show that
ita has two zero crossings during vra = 0 for suboptimal
modulation. Consequently, i4 remains in the vicinity of zero
during vrpa = 0, i.e. when no active power is generated. At
the shown operating point, these additional zero crossings do
not occur for the conventional modulation. There, T4 deviates
more significantly from zero, resulting in a higher rms value.

VII. CONCLUSION

In this paper, different modulation schemes for the iYR
are optimized with the aid of SV analysis. The aim of
this optimization is to identify a modulation scheme which,
compared to an existing scheme, achieves reduced rms values
of the transformer currents in the iYR. It is found that this
optimization can be carried out similarly to what is known for
DAB dc—dc converters, since the equivalent circuit diagram of
the iYR in the SV representation is the same as that of the
DAB converter. Compared to the DAB converter, however, the
iYR is substantially more complex, which in the context of an
analytical study based on closed formulas would lead to the
necessity of distinguishing between a high number of different
cases. Therefore, a numerical method is presented that enables
the calculation of the trajectories of the SVs of the currents
and voltages in the iYR with low computational effort.

An extensive first optimization, which takes three de-
grees of freedom (DoFs) into account, shows that significant
improvements in the transformer rms current value can be
achieved in the low power range. However, the computed
control parameters reveal characteristics with discontinuities,
which can lead to difficulties in practice (e.g., excitation of
parasitic oscillations). Therefore, in a second step, a target-
oriented reduction of the DoFs is identified, leaving one DoF.
The subsequent optimization performed on the basis of this
DoF leads to a suboptimal modulation scheme with continuous
control characteristics. In addition, apart from a minor part
of the operating range, i.e. at low output voltage and low
power, the suboptimal modulation scheme achieves practically
the same improvements in the rms values of the transformer
currents as the extensively optimized scheme. It should be
emphasized that the control parameters D199y and D(q10y of
the suboptimal modulation scheme depend on the level of the
converted power. This is not the case for the conventional
modulation scheme.

The experimental verification at three different operating
points confirms the calculated results. For example, for the
present hardware demonstrator (three-phase 400 V rms line-to-
line ac input voltage) for V. =400V and Py = 20 % Pyom =
1.2kW, the rms value of the transformer current SV can be
reduced from 11.1 A for conventional modulation to 8.8 A
for suboptimal modulation. Another interesting aspect of the
iYR is that it achieves sinusoidal mains phase currents with
low distortion in open-loop operation, e.g. a THD < 4% is
measured for Vg, =400V and Py = 1.2kW.

This paper also demonstrates the general capabilities of SV
analysis, which proves to be ideally suited for the optimization
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of the modulation scheme for a complex three-phase PFC rec-
tifier system and to investigate particular details related to the
converter operation. One example of such a detail is the finding
that the conventional modulation scheme can lead to fluctuat-
ing active and reactive power over a grid period, which is not
the case for the optimized schemes. The methods presented
in this paper also pave the way for further improvements,
for example the development of a modulation scheme that
minimizes the total losses (conduction and switching losses
of the semiconductors, copper and core losses of the magnetic
components). Other examples of possible future contributions
are the allowance of a certain reactive power component, which
leads to reduced rms values of the transformer currents, as
shown in Fig. 13, and the utilization of further DoFs, such as
an alternative control of the primary-side inverter with a duty
cycle different to 50 %.

APPENDIX
A. Converter Design

The two DoFs available for the design of the circuit are n
and L. To determine the combination of n and L that leads
to minimum conduction losses on average, the average effi-
ciencies (considering only conduction losses) of the converter
within the operating range specified in Tab. I are calculated
for different values of n and L.

The presented results consider Yy, discrete and exponen-
tially distributed values for n (between n = 0.6 and n = 1.75),

) yllog10(1.75)—log1(0.6)]
_ 10(10g10(0‘6)+ Va1 )

V yeNyg A y<Yye (48)

With regard to L, Xy, discrete and linearly distributed values
between 70 % Limax (1) and 95 % Lnax (n) have been considered,

L(n) = Lmax(n) (0.7 + "T(O%_(”))

Xgg — 1
V zeNy A < Xy, (49)

where L. (n) denotes the maximum value of L with which
the operating range specified in Tab. I can be covered for a
given n. The value for Lp.x(n) is determined numerically
using the method summarized in Subsection III-A for the
considered (conventional or suboptimal) modulation scheme.
The results presented in this Section have been determined for
Xgsg X Yggg = 21 x 21 combinations of n and L.

The average efficiencies, 7jcong, are calculated in the same
way as described in Appendix A in [32] for Gggy X Hgsg X
Ky = 10 x 4 x 5 different operating points. In this context,
the operating points formed by all combinations of the linearly

distributed values for Vg, Iyc, and ¢y,

g(750 V = 200V)

Viey = 200V +

Gysg — 1
Vg € No N g < Gdsg, (50)
h
IdC,h(‘/dc,g) = Idc,nom(‘/;ic,g) m
V he NO AN h< Hdsgs (51)
¢g,k‘ = 300 —_— V k (S NQ A k < deg, (52)
Kasg — 1

are considered. Note that Tyc nom (Vac) is related to the boundary
of the operating range as defined in Tab. I,

P
Tgenom(Vae) = min (15 A, g“‘) ) (53)

The conduction losses are calculated according to

<ITabc,rms>T, (%Ca Idca ¢g) ) 2
\/§ 9

Peond = 3(Rp + Ry + n2Rs> (
(54)

where (Itabems)7, is substituted by (41) or (44), depending
on the modulation scheme under consideration. R, and R,
denote the on-state resistances of a primary- and secondary-
side MOSFETs, respectively. With regard to the use of 1200 V
SiC MOSFETs, these are set to Ry = 30 m{2 and R, = 30 m€).
Ry denotes the primary-side referenced copper resistance of
the transformer windings, which is selected as R, = 10 mS2.

Fig. 21(a) and Fig. 21(b) present the results of these
calculations for conventional and suboptimal modulation, re-
spectively. With conventional modulation, the optimal design
is obtained for nepyconv = 0.784 and Loprcony = 19.5uH.
With suboptimal modulation, ngptcony = 0.921 and Loptcony =
16.8 uH holds. In this paper, n = 1 was chosen in order to
achieve a clear presentation of the results, i.e. to avoid possible
confusion caused by a turns ratio unequal to 1. In addition,
L = 14uH was chosen, which is close to the optimum
inductance values determined for n = 1 in Fig. 21.

B. Operating Modes

The operating mode of the iYR is defined by the sequence
of state changes of the inverter and the rectifier and this se-
quence is directly defined by the values of control parameters,
cf. Fig. 4(a). For example, according to Fig. 22(a), the hf ac
voltage generated by the inverter in phase a, vr,, changes from
—157V to 157V at t, = 0. At the same instant, also the other
two half-bridges of the inverter change their switching state so
that the inverter state changes from (000) to (111) at this point
in time. Thereafter, the state of the rectifier changes from (011)
to (001), etc.

If, for the operating point selected for Fig. 22(a), i.e.,
Vae = 400V, ¢, = 15°, P = 5.8kW, and the remaining
settings listed in Tab. I, the power is increased to 6.2kW,
the waveforms shown in Fig. 22(b) results. When inspecting
the waveforms vy, and vy at ¢, ~ 7T;/2, it can be seen
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that in Fig. 22(a) the switching of the rectifier from state
(110) to state (100) occurs before the switching of the inverter
from state (111) to state (000) takes place. This happens in
reverse order in Fig. 22(b), where, at t, = T,/2, first the
inverter switches from state (111) to state (000) and the rectifier
switches thereafter from state (110) to state (100). Accordingly,

Conventional modulation, #¢ond

98.0% | ]
) ’ ’ //,L//
L ogs% Teond = 99.10%
N n=10
= 98.8% L=13.6uH
=10 | \
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08 L=19.5uH [N
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70% 75% 80% 85% 90% 95%
L / Llﬂ{l’(
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15 l
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Fig. 21: Results for Tcong: (a) conventional modulation scheme, (b) suboptimal
modulation scheme. Marked are the optimal designs and suboptimal designs
with n = 1.
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Fig. 22: Calculated waveforms of wvr,, vra, and i1, for the conventional
modulation scheme and the settings of Tab. I, Vge = 400V, and ¢y = 15°:
(a) P = 5.8kW, (b) P = 6.2kW. The circled regions indicate the areas
where the change of the power causes a mode change.

the sequence of state changes of the inverter and the rectifier
is different for Fig. 22(a) and Fig. 22(b). Thus, the operating
mode of the converter is different as well.
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