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ENERGY-EFFICIENT SERIES-RESONANT
DC/DC CONVERTER

Pavlov H. V., Vinnychenko I. L., Pokrovskii M. V.

INTRODUCTION

A significant part of production equipment and high-tech systems of
various purposes consume electricity in the converted form. The share of
electric energy transmitted to electricity consumers through high-
frequency pulse converters is constantly increasing. In this regard, the
development and improvement of semiconductor converters (SC) of
electricity, which provide a solution to energy saving tasks, becomes
important. The development of SC occurs with ever-increasing
requirements for the quality of the initial parameters, the level of energy
losses and generated interference, as well as the specific mass and size
indicators of the converters?.

The use of resonant inverters in the NP allows providing such
advantages as: improving the trajectories of turning on and off the power
switches of the converter?;

improvement of EMC by forming a partial sinusoidal current in the
power section of the converter®; provision of various external
characteristics specified by circuit solutions* or switching algorithms of
power switches without changing the power section of the converter>S,
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Thus, resonant switching principles provide a significant increase in
the operating frequency of converters while maintaining or reducing the
level of switching losses. Resonant converters generate a limited spectrum
of electromagnetic interference, which favorably affects the EMC of
converters with a power supply network and contributes to the wide
application of this type of converters in autonomous conditions.

1. Research of energy exchange processes in the power circuit of a

series-resonant direct current converter and its mathematical model

The power part of the series-resonant converter (SRC), which converts
direct current into direct current, is a two-bridge converter, in which the
M1 bridge and the series-resonant circuit perform the role of the resonant
inverter, and the role of a rectifier is played by the M2 bridge (fig. 1).".
The series-resonant circuit consists of Ly, Cr, Rr, where the resistance Ry
represents the active losses of the resonant circuit and switches of
switching bridges My and M,. The output filter of the converter is
represented by the capacitor Cr. As a rule, the time constant of the SRC
filter is much larger than the time constant of the resonant circuit.
According to the compensation theorem, the load circuit can be replaced
by an equivalent voltage source Uq. This makes it possible to study the
dependence of the processes in the SRC on the values of the input Us and
output Uy Voltages.
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Fig. 1. The power section of series-resonant DC converter

The method of pulse-number control of the output parameters of the
SRC ensures switching of the switches only at zero values of the resonant
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current, which causes minimal switching losses®. To ensure this, the power
switches of the resonant converter must conduct current during the whole
number of half-periods of resonant oscillations. Then, during regulation,
it is possible to control the energy exchange between the power source,
the resonant circuit and the load by alternating three elementary algorithms
for switching transistors or so called conversion phases. In the first
switching algorithm, energy is transferred from the power source through
the inverter (phase of direct energy transfer Fr), in the second — the power
source does not participate in the energy exchange (energy dissipation
phase Ds), in the third — energy enters the power source (phase of reverse
energy transfer Rv). The change of phases must occur synchronously with
the transitions of the resonant current through zero values.

During the half-period of oscillations, the voltage which is applied to the
resonant circuit, is one of the combinations of input and output voltages,
which depends on the phase of the conversion. Therefore, the resonant current
curve has a shape close to sinusoidal. During the next half-period of
oscillations, the voltage of the same magnitude, but with the opposite sign, is
applied to the resonant circuit. If the directions of the resonant current and the
voltage applied to the circuit coincide, the amplitude of the resonant current
will increase, and if there is a discrepancy, it will decrease. In fig. 2. time
diagrams of current i.r and voltage ucr in the circuit during the conversion
phases mentioned above are given.

Fig. 2. Time diagrams of current and voltage in the circuit during
the conversion phases: a — Fr; b —Ds; ¢ - Rv
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During the Fr and Rv transformation phases a voltage is applied to the
resonant circuit, which is a combination of Us and Uy, the directions of
which are the same or opposite to the direction of the resonant current,
respectively. During the Fr phase the switches are open.

During the Ds transformation phase

L G Rr the voltage Uow is applied to the
resonant circuit the direction of which is

Uiny opposite to the direction of the resonant
iLr current. During the Fr phase, energy is

= transferred from the source to the load

Fig. 3. Connecting the and the resonant circuit (fig. 2, a).
inverter to the resonant During the Ds transformation phase
circuit energy is transferred from the circuit to

the load (fig. 2, b), and in the Rv phase

— from the circuit to the source and load

(fig. 2, ¢). The operation of the SRC is possible with certain sequences of

phase connections (PhC). Each PhC consists of several transformation

phases. In the future, the combination of the transformation phases Fr and
Ds (which will be called PhC I in the future) is considered.

Let’s consider the processes that occur in the resonant circuit during

thr pulse-number control. For this purpose, we will highlight the resonant
circuit to which the inverter voltage is applied uin (fig. 3).
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The voltage uin represents rectangular pulses (fig. 4) with amplitude

Uinv, the polarity of which changes when the resonance current i, polarity
_ changes.

Uinv/ The value Ui depends on the

Uiny conversional phase:

i — in the phase Fr:
Uiy - u Uinv = Urr=Us—Uau;

L T2 — in the phase Ds: Ujn=Ups=—

I
ILr [ - }
| Uout;
|
|

/\ — in the phase Rv: Uinw=Ur/=—

US_UOUI-

|

N M t The voltage on the resonant capacitor
and the resonant current during the first

| |
| |
| | |
Uer] I half-period of the resonant oscillations are
o :UCrk / determined by the dependences:
SN >
| t e, (1)=U,, —(U,, —Ug)-e™ -cosot ,
- Ucrkt
i i (1) = 2250 e sinor,
Fig. 4. Time diagrams of p
processes in a resonant where Ucro — the voltage on the resonant
circuit capacitor at the beginning of the

conversion cycle, which consists of a
certain number of half-periods of resonant
oscillations; p=.,/L, /C. - wave
resistance of the circuit; 4 — damping factor.
During the second half-period of resonant oscillations, voltage and
current are determined by dependencies:
e, (t)=-U,, +(U,, +Ug,)- e -cosot ,

. -U
i, (1) =

inv___ UCrl
where Ucr1 — voltage of the capacitor after the first half-period.
Expression for the capacitor voltage Uc, in the end of k-th half-period:

k
Ug, = {@kuc,O -U,, (1 ~0F +2) @"ﬂ (1),
i=1

e .sinwt,

T
where @ =¢ "2 — attenuation per half-period; T, — period of resonant
oscillations.

Consider the process consisting of the transformation phases Fr and
Ds. Each phase of the transformation contains a certain number of half-
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periods of resonant oscillations, respectively nrr and nps. The total number
of half-periods of resonant oscillations per conversion cycle n = ngr + nps
must be even so that the resonant capacitor voltage at the beginning and at
the end of the conversion period has the same polarity. To ensure the
energy balance, it is necessary to fulfill the condition Ucrm = Ucro:

Ug, = {[@”» Ugo - U, (1 —em +2Y @"H (1) @™ -
i=1

~Up (-1)" (1 o 2% @,}} 1, 1)

i=1
where Ucrn —the resonant capacitor voltage at the end of the conversion
cycle: Ugr and Ups — he voltage on the resonant capacitor at the end of the
conversion cycle of the voltages applied to the circuit during the Fr and
Ds phases, respectively.
After transformation (1), we get:

Ugo(1-0")=-U,, [1 —0" + 22 @"J o™ —U, [1 —o"™ + 22 @fj =

i=1
=(U,, -U,) (1 -0" + 22 @"] e +U,, [1 -0"™ + 2i @)"J.
i=1 i=1

After entering the designation ¢=U,, /U, and U, =U,, / U, Qet:

Ugo (1-0")+ [1 -0 + 22 @"j@"w
q = g = Nps. ' (2)
(1 -0"™ +23 @"J 0™ + (1 -0"™ +2) ®"J
i=1

i=l1

In the case of losses absence (® = 1) equation (2) transforms in
— nFr
q = 0

According to (2), the output voltage of the SRC does not depend on the
load current and is determined only by the number of half-periods of
resonant oscillations in the conversion phases.

For some values of the load resistance, oscillations in the circuit may
end before the Ds or Rv conversion phase is complete. The condition for
stopping oscillations in the circuit during the Ds or Rv transformation
phase during the k-th pulse is equality Uck=Ups or Ucrk = Ury
respectively. The time diagram of the resonant current for the zone of
discontinuous currents is shown in fig. 5. The operation of the SRC in the
zone of discontinuous currents leads to an increase in the level of output
voltage ripples.
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It should be

ILr c il noted that under
urrentless the same

pause conditions,  the
A A~ /N amplitude of the

\/ ‘ t t

\/ \/ i \/ t resonant ~ curren
|
Fr }
I

|

; in the Rv

} transformation
Ds or Rv | phase decreases

faster than in the
Fig. 5. Time diagram of resonant Ds transformation

current for the zone of intermittent phase. This is due
to the fact that in

currents the Rv conversion

phase, energy is

transferred not only to the load (as in the Ds conversion phase), but also

to the input power source. Thus, with an increase in the total number of

half-periods of resonant oscillations and in the case of using the Rv
conversion phase, the zone of discontinuous currents increases.

The generalized SRC circuit is presented in fig. 6. The circuit consists
of a direct voltage source at the input of the converter Us, transistor M1
and diode M2 bridges, a series resonant circuit with the generalized
resistance Ry, which characterizes the static and dynamic energy losses in
the storage and switching elements of the inverter, the output capacitive
filter and the load resistance Rout. The losses caused by the imperfection of
the output filter are represented by the resistance R.

To build a mathematical model, it is convenient to use the state variable
space method. The input is the source voltage Us. The controlling
influence is the number of pulses ngr and nps (Or Nry) per conversion cycle

POKTS
1L
C
()Us M1 M; Rf ROU{D Uout
f

Fig. 6. Generalized SRC circuit
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The output value is the the load voltage y(t) = uou (t). The processes
occurring in the resonant circuit are characterized by the state vector —
X'(t) = [ie(t) ucr(t) uer(®) 1.

To describe the electromagnetic processes of the SRC, it is necessary
to draw up differential equations for each phase of the transformation. In
addition, it is necessary to consider differential equations for the stage of
the absence of oscillations in the zone of discontinuous currents.

Consider the transformation phase Fr. In this case, the switching
bridges provide the resonant circuit voltage, which is equal to Us— Uout (t).
Fig. 7 shows the equivalent circuits of the SRC in the Fr transformation
phase (fig. 7, a — for the positive half-wave of the resonant current, fig. 7,
b — for the negative half-wave).

Fig. 7. Equivalent circuits of the PRP in the conversion phase Fr

Differential equations for the positive resonant current half-wave in the
transformation phase Fr before and after transformation:

L _diLr
"odt
+Ug =Ug;

ier - Ry +Ug, =(|Lr e
‘duCr:i i

“odt M
Ao _;
PTEERRCE

Ugye =Ugy +igr - Ry
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dl'—’ :_i. Lf_*_Rr 'iLr_i'uCr
dt L (R, +R, L,
R
_i.¢. Cf+i'us'
Lr Rout Rf I‘r
du, 1
—L = | rs 4
d C, * “)
Qe _ 1 R I
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Differential equations for the negative resonant current half-wave in
the transformation phase Fr before and after transformation:

A diLr 1 Rout 'Rf - l
di,. . . =—— +R, |1, ——Ug, +
L -—=+i, -R +u_—iy-R,— | dt L (R.+Ry L,
dt o 1 R 1
—qu :_US; +_'+Ut'ucf __.Us;
. . . I‘r Rout+Rf Lr
Ier - Ry +Ug :_(ILr et ) Routs du 1
—_—r =
C '%:iu; © at G, ! ©
a g 1 Ry 1 1
Cf .d_;:f: icf; dt Cf Rour + Rf g Cf Rour +Rf «
. R, R
Uou ZUCT +ICf 'Rf. Ut =~ RDUt Rf .iLr + R ROUtR “Ugy -
out + f out + f

Consider the transformation phase Ds. In this case, the switching
bridges provide a voltage on the resonant circuit, which is equal to —Uout (t).
Fig. 8 shows the equivalent circuits of the SRC in the Ds conversion phase
(fig. 8, a—for the positive half-wave of the resonant current, fig. 8, b — for
the negative half-wave).

Fig. 8. Equivalent circuits of the SRC in the Ds conversion phase

Differential equations for the positive half-wave of the resonant current
of the conversion phase Ds before and after the conversion:
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L, -d(;;r +i, R +Ug +ig R, +
+Uy =0;
ier - Ry +Ug :(iLr — gy ) Routs
du, . (7
AT
dug, )
f T =lets
Ugy =Ugy +igr Ry

Differential equations for the

di R. R

ILr = i - f +Rr ILr _i'uCr

dt L, | Ry +R; L,
_i L out | u

L R,+R,
du,, 1 .
L=—. | [} 8

dt Cr Lr ( )
Qg 1 Ry ; 1 1

d C, R,+R, " C, R,+R,

Rout Rf Rout

negative half-wave of the resonant

current of the conversion phase Ds before and after the conversion:
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L -%-i—lu ‘R +ug, —iy - R, —ug =0;
igp + Ry + gy = (i, ‘in)'Rou,?
du
C  —==i,;
r dt Lr (9)
dug
Cp—= =l
dt
uout = qu + in : Rf’
di 1 [ Ry R 1
e Rr My U
dt L (R, +R, L,
1 ROUt .
T 5 5 Uu
Lr Roul + Rf
du,, 1 .
—L = 10
d C, - (10)
dug 1 Rout . 1 1 u
dt Cf Rout+Rf o Cf Rout Rf &
Rout : Rf - Rout
Uoe =~ I, + “Ues -
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Consider the Rv transformation phase. In this case, the switching
bridges provide a voltage on the resonant circuit, which is equal to —
Us—Uout (t). Fig. 9 shows the equivalent circuits of the SRC in the Rv
conversion phase (fig. 9, a — for the positive half-wave of the resonant
current, fig. 9, b — for negative).

Fig. 9. Equivalent circuits of the SRC in the Rv conversion phase

Differential equations for the resonant current positive half-wave in the
transformation phase Rv before and after transformation:

: R -R
di dll—l' :_i. o f +Rr 'iLr_i'uCr_
I-r ) d;r + i|_r . Rr +U;, + icf 'Rf + dt I‘r ROUI + Rf L"
_ 1 R 1
+qu :_US' __.+Ut.ucf __.US;
. - - I‘r Rout +Rf LT
Ier - Ry +Ug =(|Lr e ) Rou du 1
11 i:—-i r; 12
C, - dz:‘ =iy ) a  C L 4
dqu 1 Rout 1 1 .
dug . = I = o
Cf 'T—lcf, dt Cf Rout+Rf Cf Rout+Rf
. R.-R
Ugye = Ugr +ler - Ry Uy = ot A+ Row U -
Rout + Rf ROU( + Rf

Differential equations for the resonant current negative half-wave in
the transformation phase Rv before and after transformation:
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Consider the stage of absence of resonant oscillations during the Ds or
Rv conversion phases. In this case, the resonant circuit is disconnected
from the power source and the load. The capacity of the filter is discharged
by load. The equivalent SRC circuit for the stage of absence of resonant
oscillations is shown in Fig. 10. The expressions describing
electromagnetic processes in the diagram in Fig. 10:

ducf . Uey

Cs i lUR dt (R +R,)C,’ 5)
out out
Rf uout = 4Rau; : qu .
R, +R,

Systems of equations (4), (6), (8), (10),
Fig. 10. Equivalent (12), (14) and (15) in matrix form:

circuit of the SRC for a) for the conversion phase Fr (at the
the stage of absence positive half-wave of the resonant current)
of resonant
oscillations
X)) = A -x(t)+b,-U; (16)
y(0)=C, -x(1); (17)

b) for the conversion phase Fr (at the negative half-wave of the

resonant current)
X(1)=A,-x(t)+b,-U,; (18)
y(t) = C, - x(¢); (19)
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c) for the conversion phase Ds (at the positive half-wave of the resonant
current)
x(#)=A,-x(*)+b;-U,; (20)
y@)=C, -x(t); (21)
d) for the conversion phase Ds (at the negative half-wave of the
resonant current)
x(H) = A, -x(®)+b; - Ug; (22)
(1) =C, - x(1); (23)
e) for the conversion phase Rv (at the positive half-wave of the resonant
current)
X(®) = A -x())+b, - U; (24)
(1) =C, -x(1); (25)
f) for the conversion phase Rv (at the negative half-wave of the
resonant current)

X(t):Az X()+b,-Uy; (26)
() =G, -x(); @7)
g) at the absence of oscillations in the circuit
X(#)=A;-x(@®)+b,-U,; (28)
y(0) =Gy -x(1), (29)
where
I ] 1 1
00 0 L L
A, =0 0 0 ;b,=|0[;b,=| 0 [;b,=0;
00 1 0 0
Cr (R, +R,) |
Rouf Rf Rour . Rﬂm Rf Rom :|
C = 0 ; G, =1 - 0 ;
Rom + R, Rﬂm + R, Rﬂm + R, Rﬂm + R,

C, -

R
00 — |,
R+Rf
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__i MJF r|l -L _L_
LR, + Rf 4 L L(R, + Rf)
A = 1 0 0 ;
Cr
Rout 0 _ 1
| C/(Ry,+R) C (R, +R,) |
R R 1
L L 75y I S |
Lr Rout + Rf Lr Lr (Rout + Rf)
A, = 1 0 0 ;
CI‘
R, 0 I S
Cr (R, +R;) Ci (R, +R;) |

Matrixes A1, A2, Az describe the topology of the circle, matrixes by,
b, bz — connecting the input voltage source, the matrixes C1, Cz, C3—load
connection. The solution of differential equations (16), (18), (20), (22),
(24), (4.26), (28) are the functions:

a) for the conversion phase Fr (at the positive half-wave of the resonant
current)

x(t)=eM" - x(kT)+D,(t)-b, U, (30)

where k — the number of entire periods of resonance oscillations that
have passed since the beginning of the transformation phase;

b) for the conversion phase Fr (at the negative half-wave of the
resonant current)

x(1) = e’ 'X([“%}ﬂjﬂ)zﬁ)-bz U,; (31)

c) for the conversion phase Ds (at the positive half-wave of the resonant
current)

x(t) =" -x(kT)); (32)
d) for the conversion phase Ds (at the negative half-wave of the
resonant current)

x(t)=eA2"~x[(k+%jT,j; (33)
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e) for the conversion phase Rv (at the positive half-wave of the resonant
current)

x(t)=e"" -x(kT,)+D,(t)-b,-U,; (34)

f) for the conversion phase Rv (at the negative half-wave of the
resonant current)

X(t) = ™" -x[(k+§jﬂ]+Dz(r)-b, U, (35)
g) at the absence of oscillations in the circuit
x(t) =e™" -x(kT)), (36)

where

]:)l (t) _ j'eAl.(t—Q dt = Al—l _(eAl.t —I) :
0

D, (1) = jeAZ'(”O rdr=Ay - (e* - 1);
0

I — unit diagonal matrix.

Expressions (17), (19), (21), (23), (25), (27), (29), (30) (36) allow to
study the processes in the power section of the SRC for possible PhC and
different modes of operation. The operating mode of the SRC depends on
the load parameters and the amount of energy accumulated in the resonant
circuit. As a result, to describe the dynamic processes in the power part of
the converter, it is necessary to carry out numerical modeling of
electromagnetic processes in the SRC. For this, it is convenient to use
expressions (17), (19), (21), (23), (25), (27), (29), (30) (36), taking into
account the specific PhC and the presence of the continuous resonant
current regime outline.

The operation of the SRC in the zone of continuous currents consists
of two stages: a) direct transfer of energy from the source to the load and
resonant circuit (phase of conversion Fr); b) dissipation of the energy
accumulated in the resonant circuit to the load (transformation phase Ds).
The transformation cycle consists of ng half-periods of resonant
oscillations of the transformation phase Fr and nps half-periods of the
transformation phase Ds (the duration of each half-period — T,/2). Total
number of half periods n = ngr + Nps.

Using (30) and (31), the state vector after ng, half-periods of the Fr
conversion phase is obtained:
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T
X(”Fr ?rj = AFrX(O) + BFrUs ’ (37)

where x(0) — value of the state vector at the beginning of the conversion
cycle;

[(2n,,,+17(71)”” JA +(2np,71+(—1)"Fr )Az}%

AFr =€ ’
Fﬂﬂqmmk _—_—
m 17 1+ (—1) -Ai - T
B. - H 2 o) oM p _r]_
& ;e 7 e "7
L JA iy | n
ny l:[’ 2 2 ' 1—(—1) r *Az% T
- 7 D,| = ||b;
2. > ¢ 2[ 2]
2n, —1+(-1)" 2ny, -3 —(-1)"
mlz Fr 4( ) ,’,nZ: Fi 4( ) ;b:blz_bZ'

Using (32), (33) and (37), the state vector after nps half-periods of the
conversion phase Ds is obtained:

T T
x(n 3j = ADSx(nFr TrJ =A, [Ax(0)+BLU ], (38)

where A _e[(2n05+1—(—1)"0")A2+(2nDS—1+(—1)"D‘)A]:|%
Ds — .

To obtain the transfer function for small disturbances of the input
voltage, it is necessary to consider the disturbance of the input voltage:

U, (1) =U, +u, ), (39)
where u, (r) — disturbance of the input voltage.

In the presence of disturbances in the input voltage (39) taking into
account (38) and (17), it is possible to write:

T « T * *
(o ()= A [ (50045 ©) By (0 40

y(0)+¥"(0)=C, (x(0) +x'(0)), (41)

where x and y - average values of the state vector and the output

voltage; x~ and y" disturbance of the state vector and the output voltage.
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After the transformation of (40) and (41), the expressions of the
disturbances of the state vector and the output voltage are

* T * *
X (n ?j =Ap[ALX(0)+BLu(0)]; (42)
¥y (0)=Cx(0). (43)
After transforming (42) and (43) into the continuous form:
* T * *
X (r + nj’j = A, [AX () +BLu(0)]; (44)
Y (1)=Cx (). (45)
After transforming (44) and (45) into the operator form:
T,
Ie2"X" (p) = Ap [ApX (9) + Bl (D) (46)
Y (p)=Cx(p). (47)

Using (47), the state vector disturbance x” (p) to disturbance of the
input voltage u, (p) ratio is obtained:

* -1
X (p nlr
”/x (p) = #p)) = ADSBFr |:Ie : ! - ADSAFr:| * (48)

From (48) the transfer function of the converter Wy(p) is obtained:
y(p) _ X (p)
W, (p)== =C, — .
v(2) u(p) " u(p)
Using (48) and (49), the transfer function for small perturbations of the
input voltage for the zone of continuous currents is obtained:

(49)

T, -1
Wy(p)=CA,B, |:Ie"2p - ADsAFr:| : (50)

Thus, the obtained mathematical model of the SRC with pulse-number
regulation allows to build static characteristics and to study the processes
in the power part of the SRC for the mode of continuous currents.
Expression (50), which describes the transfer function for small
disturbances in the input voltage, can be used to estimate their effect on
the output voltage of the converter.

The operation of the SRC in the zone of discontinuous currents consists
of three stages: a) direct transfer of energy from the source to the load and
resonant circuit (phase of conversion Fr); b) dissipation of the energy
accumulated in the resonant circuit to the load (transformation phase Ds);
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c) oscillationstopping in the resonant circuit and dissipation of the energy
accumulated in the filter capacity to the load.

The conversion cycle consists of ngr half-periods of the Fr conversion
phase and nps half-periods of the Ds conversion phase (oscillations in the
circuit disappear after nps1 half-periods of the Ds conversion phase). Total
number of half periods is n = ngr + Nps.

The expression for the state vector after ng half-periods of the
transformation phase Fr can be found similarly to (37). According to (32) and
(33), the state vector after nps: half-periods of the conversion phase Ds is

T T
X((”Fr + pg )7’) = ApX (nFr jrj =Ap [AFrX(O) +B,U, ] v (B1)

where A, = [(2""“” (1) Ay +{ 214~ ')"'”)AIJ%

According to (36) and (51), the state vector after nps half-periods of the
conversion phase Ds:

T T
X|n=—L|=ApX| (0, +np, )= | =
(1% )= MO+ o) | -
=ApnAp [AFrX(O) + BFrUs]!

—(_1)"Ds2 Q
where A, = e as

In the presence of disturbances in the input voltage, taking into account
(39) and (52), it is possible to write:

T (T . .
X[” jrj +X (” Erj = ApoAp [AFr (}L‘(O) +X (0)) +Bp (Us +u (O)H (53)

After transformation (53), the expression for disturbances of the state
vector of the zone of intermittent currents is obtained:

* T * *
X (n ?’j = ApoApy |:AFrX (0)+Bu, (O)] : (54)

After transformation (54), the expression for disturbances of the state
vector of the zone of discontinuous currents in a continuous form can be
written as:

. T . .
X (t + ”?rj = ApnAp |:AFrX (1) +BLu, (t)] . (55)

The expression for disturbances of the state vector (55) of the zone of
discontinuous currents in operator form can be written as:

T,
Ie"2"X" () = ApAp [AnX (9)+ B (p)]. (56)

; Nbs2 = Nps —Nps1.
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Using (56), the transfer function Wy(p) for the zone of discontinuous
currents is obtained:

X* (p) n%p -1
W.(p)=— =ApAp By |le 2 —ApLAL AL | (57)
u;(p)
Using (49) and (57) the transfer function for small disturbances of the
input voltage of the discontinuous current zone is obtained:

A -1
W, (p) = CA A LB {Ie 2’ ADS2ADsIAFr:| . (58)

The mathematical model of the SRC with pulse-number control allows
to obtain static characteristics and study electromagnetic processes in the
power section of the SRC for the discontinuous current regime. Expression
(58) describing the transfer function for small disturbances in the input
voltage can be used to estimate their effect on the output voltage of the
converter.

2. Static and dynamic characteristics of the DC-DC series
resonant converter
It is advisable to use SRC mathematical models to obtain its static
characteristics. In the zone of continuous currents, it is necessary to find a
joint solution of equations (37) and (38), and in the zone of discontinuous
currents — equations (37), (38), (51) and (52). The load current in relative
units is determined by the expression

I* _ Iom P

out U

In fig. 11, a one can see the load characteristics of the series-resonant
converter obtained with the total number of half-periods n = 20 and the
number of half-periods of the conversion phase Fr ng = const taking into
account the zone of intermittent currents, which is shown by a dashed line.

The voltage applied to the circuit in the Fr conversion phase approaches
zero, as the corresponding output current does. At Uq., the voltage applied to
the circuit in the Fr conversion phase approaches Us, but the number of half-
periods ngr of the conversion phase Fr is minimal and equal to 1. In these
cases, the load current approaches the minimum value that depends on the
ratio ned/n and the load resistance. When
Uaut = U2, the voltage applied to the circuit in the conversion phase Fr is
Uy/2, and the number of half-cycles of the conversion phase Fr is half of the
total number of half-cycles. Due to this, the load current increases. As a result,
the width of the discontinuous currents zone is maximal in the region of q =
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0.5, and minimal at q = 0 and q = 1. The values of load characteristics in the
discontinuous currents zone approach g = 1. This is due to the fact that in the
absence of Ds phase current pulses, all energy is transferred to the conversion
phase Fr. And this is possible only when Ugy = Us.

q
! n=20
0.8
n=40
- / /
0.4 el
n=80
0.2
/ g =4
0 2 4 6 3 0, 0 10 20 30 40n,,

Fig. 11. Load and control characteristics of the SRC

Fig. 11, b shows control characteristics for SRC at ngr = const for the
continuous currents zone. The control characteristics for SRC in the area
of continuous currents are practically linear, which simplifies the process
of regulating the output voltage.

To ensure trouble-free operation of the SRC, it is necessary to
determine the areas in which the values of the maximum resonant
capacitor voltage Ucrm and the maximum resonant current I m do not
exceed the specified value. The maximum voltage and current values will
occur at the end of the conversion phase Fr, since in this conversion phase
the energy is stored in the resonant circuit, and in the conversion phases
Ds and Ry, the energy of the resonant circuit is dissipated on the load or
through the power source. When constructing isoparametric
characteristics, relative units were used:

.U .
UCrm:%; Ier: LU p

Fig. 12, a shows isoparametric characteristics of SRC at U”cr m = const,
and fig.12, b — at I"Lr m = const. The solid line shows the characteristics at
n = 10, the dashed line at n = 20. The boundaries of the discontinuous
current zones at n = 10 and n = 20 are shown as well.

The values of the maximum voltage and current depend on the
magnitude of the voltage applied to the resonant circuit and the number of
half-periods of the conversion phase Fr. The largest amplitude values
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occur at Uout = Us/2, since the voltage applied to the resonant circuit is
equal to Us/2 and the number of half-periods of the conversion phase Fr is
equal to the half of the total number of half-periods. As Ueyt approaches
zero, the voltage applied to the resonant circuit is equal to Us, but the
number of half-periods of the conversion phase Fr is minimal. As Uoyt
approaches Us, the number of half-cycles of the conversion phase Fr is
maximum, but the voltage applied to the circuit approaches zero. The zone
of safe operation also depends on the total number of half-cycles. When
the total number of half-periods increases, the conversion phase Fr
number of half-periods increases, which leads to an increase in the
maximum voltage and current values. In the zone of intermittent currents,
the isoparametric characteristics shift to the left due to the end of the
oscillations before the end of the conversion phase Ds, which causes a
decrease in the load current.

q
1
0.8p
0.6

04

0.2

0

Fig. 12. Isoparametric characteristics of the SRC

In the discontinuous currents zone, the isoparametric characteristics
shift to the left due to the disappearance of oscillations before the end of
the Rv transformation phase, which causes a decrease in the load current.
Isoparametric characteristics make it possible to determine the zone of safe
operation of the SRC at the given maximum values of the voltage of the
resonant capacitor and the resonant current.

Fig. 13, a shows the logarithmic frequency responses (LFR) of the SRC
with the following circuit parameters: Ly= 128 uH, C, =19.8 nF, Ry =1
Ohm, Cr = 1000 pF, Rf= 0.1 Ohm, Roy = 100 Ohm. The characteristics are
built at nrr = const and n=40.
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316

L, ;IB/ ‘
20
T~
I '\:\\ 10
-20 T ~,
\>\: \Q<
N \\
-40 6 \E:\“
NN
-60
001 1 10 100 1000 o, ct
rpaj +H
"‘-..\\\
225 A
L
-45 \\
67,5 \\
\
-90 \‘---..
01 1 10 100 1000 o, ¢’
a
L, nb
1 0,54
Ny
220 N R
\ \\\ 1,26
OO
N
40 2,26 AN
-60
001 1 10 100 1000 o, ¢t
rpag R
P .';:\:\
NN ‘\
225 \
A\l
\ 1,26
-67,5 2,26 \\\( ‘
\\:~
-90 Thay
0,1 1 10 100 1000 o, ¢’
b

13. Logarithmic frequency responses of the SRC at nrr=const (a)
and Rout = const (b)



Fig. 13,b shows the logarithmic phase-frequency response (LPFR) of
the SRC when the load resistance changes. The responses are constructed
at Rou/p = const and ngr = 20, n = 40. LPFR is obtained using (50). Their
curves show that the transfer function of the SRC in the simplified form
can be represented as a link with the time delay of nr, /2 and an aperiodic
link with the load time constant.

3. Control system of resonant dc voltage converter
with pulse-number regulation

The pulse-number control principle makes it possible to ensure linear
adjustment and rigid load characteristics in resonance-type converters.
However, the use of the resonant circuit in the converter leads to a
significant increase in the instantaneous values of currents and voltages
above the average values. To determine the maximum values of current
and voltage in the resonant circuit, it is necessary to consider the phase Fr,
during which energy is accumulated in the circuit and, accordingly, the
resonant capacitor voltage increases. The resonant capacitor voltage
reaches its maximum value at the end of the Fr phase and is determined
by the number of pulses ngr in the Fr phase, the ratio of the input Us and
output Ugy voltages, the value of the initial voltage resonant capacitor
Ucro. With the pulse-number control, the output voltage can change with
a certain step of discreteness. To reduce the discreteness step, it is
necessary to increase the total number of pulses n per conversion cycle
and, accordingly, the number of pulses ngr in the Fr phase. This leads to
an increase in the resonant capacitor voltage, which is unacceptable
because the maximum values of the resonant capacitor current and voltage
exceed the permissible values.

The control discreteness step is inversely proportional to the total
number of pulses n. At the same time, the maximum values of the voltage
on the resonant capacitor and the current in the resonant circuit are
proportional to this value. This problem can be solved by dividing the
main conversion cycle into several small conversion cycles, which makes
it possible to reduce the maximum values of the resonant capacitor voltage
and the resonant circuit current.

For this purpose, the conversion cycle, which consists of n=ng + nps
pulses, is divided into several small cycles consisting of nj=ngi+Nps;
pulses, where i=1..m is the number of the small conversion cycle. To
describe the processes during such a replacement, the resonant circuit to
which the inverter voltage Uin is applied is considered. Time diagrams
during one conversion cycle are shown in Fig. 14. To simplify
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calculations, losses in the circuit are not taken into account. The
expressions for the amplitude values of the resonant capacitor voltage and
the resonant circuit current for the k-th pulse are determined by the

dependencies:
. 2k-1)-U,
UCrk = (2k . Uinv - UCrO) . (_l)k : l Ier = ( ) p”’V
Each phase of the conversion contains a certain number of pulses, ngr
and nps respectively. Total number of pulses n=ngr + nps must be paired
to ensure stability of operation.
The resonant capacitor voltage at the end of the conversion cycle:

Ucm _ [2 . }’ZDS . UDS (_l)nn _ (2 . nFr . Up,. _ Ucro)(_l)nr,.H] . (—l)nDSH .

To ensure the energy balance, a condition Ucm=Ucro must be met.
After the conversion obtain ngUrr + NpsUps = 0.
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Fig. 14. Time diagrams for one
conversion cycle
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Taking into account the expressions for Urr, Ups and q receive:
n
q= f (59)
Taking into account the energy balance condition for m small periods,
it can be proved that

inﬁ,
q=—"-—. (60)
Z(nF’i +p,, )

i=l1

Comparing (59) and (60), it can be concluded that when matching

ng = Znﬁf and n, = an the main conversion cycle can be broken
i=l1 i=l1
into several small cycles.

The resonant current and resonant capacitor voltage reach their
maximum values at the end of the Fr phase. The maximum values depend
on the ratio of the source and load voltages, the load current and the
number of pulses of the phase Fr. When the main conversion cycle is
divided into several small cycles, the maximum values of current and
voltage in the resonant circuit will be determined by the number of ngi
pulses in the Fr; phase in one of the small cycles, which is significantly
less than the total number of ng, pulses in the Fr phases for the complete
conversion cycle.

Splitting the main conversion cycle into several small cycles leads to a
decrease in the level of output voltage ripples with the period
(ner+nps)Tr/2 and the appearance of pulsations with the periods
(neri + Npsi) Tr /2, which are more effectively reduced by the output filter.
The size of the discontinuous currents zone depends on the total number
of pulses of the conversion cycle. The introduction of small conversion
cycles allows reducing the area of discontinuous currents.

Since the clocking of the SRC with pulse-number control depends on
the presence of resonant current pulses, when working in the area of
discontinuous currents, it is necessary to provide for the internal clocking
of the control system in the event that resonant oscillations stop before the
end of the control period. For this, the control system must measure the
half-period of resonant oscillations at the beginning of the Fr; phase and,
when transitioning to the Ds; phase, withstand the time interval npsi T /2,
and after the end of this interval, make a forced transition to the phase
Fri+1.
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Thus, the SRC control system with pulse-number control should solve
the following tasks:

* determination of the number of pulses in each of the phases of
operation in accordance with the required voltage level at the output of the
SRC;

* limiting the maximum values of resonant current and voltage on the
resonant capacitor;

« ensuring the stability of the SRC operation in the area of intermittent
currents.

To solve the basic tasks of pulse-number control, a certain number of
calculations must be performed. These calculations must be performed
during the main conversion cycle. To build a control system, a wide range
of inexpensive microcontrollers with a large number of peripheral
modules is offered, which allow you to implement a control system with
a minimum number of external elements.

Fig. 15 shows the functional control circuit of the SRC with pulse-
number regulation. The circuit contains a microcontroller MC, a
synchronization device SD, a peak detector PD and a current sensor CS.

MK pre-sets the control signal ucontr With the help of which the SD
determines the phase of operation (Fr or Ds) and changes the control
signal for the switches of the bridge M1 when the polarity of the resonant
current changes. The control influence is changed by the usnc signal,
which is formed by the SD at the moment of the transition of the resonant
current through zero (fig. 16).
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Fig. 15. Functional control circuit of the SRC
with pulse-number regulation
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Fig. 16. Time diagrams of the SRC control system
with pulse-number regulation

To determine the effectiveness of dividing the main conversion cycle
into several small cycles, it is convenient to model the processes in the
power part of the power plant using the TCAD application program
package. Fig. 17 presents the SRC model with the following parameters:
Lr= 128 uH; C; = 19.8 nF; Ci= 1000 puF; Rout = 30 ohms; Us = 300 V.

Fig. 18 shows the time diagrams of the resonant current (Fig. 18, a) and
the resonant capacitor voltage (Fig. 18, b) without dividing the main
conversion cycle into small cycles. Current and voltage are given in
relative units:

Ue, = L(‘]_c:; i, = lL(r]Sp

The simulation of the SRC operation was carried out for ngr = 13 and
n = 24. Fig. 18, ¢ shows the time diagram of the resonant current, which is
obtained using the state equations of the power circuit of the SRC.
Comparison of fig. 18, a and fig. 18, ¢ shows that the presented model of
the power section of the SRC corresponds to its mathematical model.
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Fig. 17. The model of SRC with pulse-number regulation
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Fig. 6.20. Time diagrams of the resonant current (a) and voltage (b) on
the resonant capacitor when using the main conversion cycle and the
time diagram of the resonant current obtained using the state equations
of the power circuit of the converter (c)

To improve working conditions, the main conversion cycle is divided
into 6 small cycles with parameters: Ngri+ Npsi=4, NErt = NE3 = NErs = 3,
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NFr2 = Nrra =NErs = 2. Fig. 19 shows the time diagrams of the resonant
current (fig. 19, a) and the resonant capacitor voltage (Fig. 19, b) when the
main conversion cycle is divided into small cycles.

The time diagrams show that when the main conversion cycle is
divided into small cycles, the maximum values of the resonant current and
voltage on the resonant capacitor decrease significantly (by a factor of 2).
In fig. 18, it is possible to note the time interval during which resonant
oscillations stop before the end of the main conversion cycle, which
indicates operation in the zone of discontinuous currents. When the main
conversion cycle is divided into small cycles, the zone of intermittent
currents decreases and, as can be seen from fig. 19, the SRC works in the
zone of continuous currents.

The resonance current envelope in fig. 18 contains a harmonic with the
frequency of 1/(nT;), and the resonance current envelope in fig. 19 —
harmonics with the frequency of 1/((Ngri + Npsi) Tr).
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Fig. 19. Time diagrams of resonant current and voltage when the main
cycle is broken into small cycles

As ngi + npsi <n, then the amplitude of the harmonics of the resonant
current envelope when the main conversion cycle is broken down into
small cycles is reduced by the output filter more effectively than the
harmonics of the resonant current envelope without breaking the main
conversion cycle.

The simulation shows the effectiveness of the proposed method of
dividing the main conversion cycle into small cycles, which allows to
significantly reduce the maximum values of the resonant current and
voltage, reduce the pulsations of the current envelope in the resonant
circuit and, accordingly, the output voltage.
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Fig. 20 shows the load (Fig. 20, a) and control (Fig. 20, b)
characteristics of the SRC with pulse-number control. The calculated
characteristics are shown by a dashed line.
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Fig. 20. Load (a) and control (b) characteristics of the PRP
with number-pulse control and the dependence of the efficiency
coefficient on its relative load (c)

As can be seen from fig. 20, calculated dependences are close to
experimental ones. The discrepancy increases in the zone of maximum
currents, which is due to the losses of the SRC, which are not taken into
account in the calculations.

CONCLUSIONS

Based on the results of own research, the mathematical model of the
energy-efficient series-resonant DC/DC converter with pulse-number
regulation has been constructed. It allowed to obtain static and dynamic
characteristics and study electromagnetic processes in the power section
of the SRC for the discontinuous and continuous current modes. The
simulation of the SRC operation has shown the effectiveness of the
proposed method of dividing the main conversion cycle into small cycles,
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which allows to significantly reduce the maximum values of the resonant
current and voltage, reduce the pulsations of the current envelope in the
resonant circuit and, accordingly, the output voltage. The calculated static
characteristics are close to the experimental ones, that confirms the
compliance of the developed mathematical model with the real physics of
processes in the converter. Thus, the series-resonant converter with pulse-
number regulation provides the minimum level of voltage distortions and
radio frequency range interference due to the sinusoidal form of currents
in the power circuit. The proposed pulse-number method of controlling
resonant converters ensures significant reduction of switching losses,
energy efficiency increase, and improvement in the conditions of
electromagnetic compatibility of converters and power supply.

SUMMARY

In the paper the mathematical model of the energy-efficient series-
resonant DC/DC converter with pulse-number regulation has been
constructed. The static and dynamic characteristics have been obtained
and electromagnetic processes in the power section of the series-resonant
converter have been studied. The control system architecture, which
implements the pulse-number regulation of the converter’s output voltage,
has been developed. The simulation of the converter operation has been
provided in case of proposed control system use.
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