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Abstract

The determination of the capacitance and current carrying ability of the DC link capacitor is an important
point for dimensioning of PWM converter systems.

A calculation method is used which is based on local averaging (related to a pulse period). With this one
can describe the time-discontinuous behavior of a PWM converter system by time-quasicontinuous system
variables which are related to the local mean and rms values. As this paper shows this method allows to
describe the dependencies of the global characteristics (which are related to the fundamental period) of
the DC link current and of the DC link capacitor current of single-phase and three-phase DC voltage link
converters on the system parameters as simple mathematical expressions. These expressions can be used for
dimensioning the DC link. In most cases this allows to omit a detailed analysis of the system behavior by
digital simulation.

The quality of the approximation is essentially determined by the system pulse rate. As a comparison
with digital simulation results shows, this quality is sufficient for dimensioning purposes for medium and

high switching frequencies.

1 Introduction

The calculation of the component stress in a DC voltage link PWM converter system usually is performed
based on a digital simulation of the stationary or dynamic operating behavior. There the switching status
which determines the voltage formation and the transformation of AC side quantities into DC side quantities
can be described by the switching functions of the power devices or of the converter bridge legs. By calcu-
lating the harmonics of the switching functions this makes possible the determination of all characteristic
values for stationary operation via combination and evaluation of theoretically infinite Fourier series ([1],

The authors are very much indebied to the Austrian Fonds zur Férderung der wissenschaftlichen Forschung which
supports the work of the Power Electronics Section at their university.
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[2], [3], [4]). With this the dimensioning of a PWM converter system is determined by a calculation method
which can be easily understood. This concept is, however, very unclear regarding the insight into the "inner”

system behavior.

Because this situation is not very satisfactory from a scientific and engineering point of view we have to
raise the question of where and when approximate solutions of simple functional structure can be given.

As shown in [5], [6], [7], [8], one can describe the time-discontinuous system behavior of a PWM converter
system approximately by time quasi-continuous system variables of corresponding local mean or rms value.
There a computation method has to be applied which is based on local averaging, i.e., related to one pulse
period. The formulation of the dependencies of the global characteristics (i.e., related to the fundamental
period) of the DC link current and the DC link capacitor current of single-phase and three-phase DC voltage
link PWM converters on the system parameters then can be performed as simple mathematical expressions.
These expressions can be used immediately for dimensioning of the DC link.

 The quality of the approximation is essentially determined by the system’ pulse rate. As a comparison
with digital simulation results shows, this quality is sufficient for dimensioning purposes for medium and
high switching frequencies as they can be reached with today’s turn-off power electronic devices.

The following considerations are performed based on the example of a single-phase and of a three-phase
PWM rectifier system. The results obtained can be transferred directly to a PWM inverter system if one
interprets the supplying mains and the inductances connected in series as simple equivalent circuit for the
fundamental of an AC machine.

2 Single-Phase Four-Quadrant PWM Rectifier System

2.1 General Remarks

As shown in Fig.1, the power circuit of a single-phase bidirectional PWM rectifier system shows the structure
of a four-quadrant chopper for operation from the mains. The mains current is defined by the difference
between mains and converter voltage occurring across the inductance L connected in series. A proper system
control then makes possible an approximately sinusoidal current of selectable phase angle with respect to the
mains voltage. The DC link voltage can be controlled by the mains current amplitude; this guarantees the
full utilization of the rated power of connected inverter systems, independently of mains voltage variations.
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For a mathematical description of the stationary case (which is exclusively related to the fundamental of
the system quantities in the following) we can write for the reference values of converter voltage and mains
current (using complex AC current calculus)

ujy = Upexpjont  upy = S{up} (1)
and .
iy = Ly exp(junt +¢) iy = S{iy} . (2)

The mains current phase angle @ (related to the converter voltage uy) also denotes approximately the angle
between the mains current and mains voltage phasor; this is true because the AC-side inductance usually
has a low reactance factor for systems with high pulse rates. For an exact calculation we have to insert
the relationship between mains voltage phase angle (related to the mains current) and converter voltage
phase angle. This relationship is dependent on the modulation depth, the mains voltage and the value of
the inductance. For the sake of brevity we do not want to treat this in more detail in the following because
high pulse rates are assumed.

For the equivalent circuit of the AC side of the system there follows Fig.2. In general, the system function

is described by
di
Lo = (uw — o) . (3)

For the stationary operation there follows with Eqgs.(1, 2) and
di,

L
dt

= (un — uy) (4)
for the converter voltage reference value which has to be generated as mean value for one pulse period

upr(r) = un(r) - ‘igi . (5)

t=T

There the variable T denotes the position of the pulse interval within the mains fundamental period Ty. It
can be defined as macroscopic or global time. Equation (5) implies a motion of the mains current reference
time phasor within the pulse period Tp considered according to

dij .
dt t=r =
(this means a motion along the tangent which can be given ai time 7 for the circular trajectory described
by the tip of the time phasor of the mains current reference value). The variable t, in general is the basis

in(r +1) = in(7) + (6)
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for describing the microscopic or local time behavior of the system quantities within a pulse interval Tp.

With the definition of the deviation
Aiy =iy — iy (7)

between the actual mains current and its reference value and combining Egs.(7, 3 and 4) there follows

dAiy
dt,

- %[u;,(f) — ug(rity)] - (8)

Equation (8) gives the relationship of the current harmonics (resulting due to the discontinucus operation
of the system) in the time domain. Due to the equivalence of local reference value and of local mean value

of the actually generated converter voltage
1 Tp
wipln) = g [ volnt) dia (9)

we have furthermore
=0 (10)

t,=0,Tp

Ay

Due to the limitation of the considerations to the fundamentals (denoted by indices (1)) and to the macro-
scopic time behavior of the system quantities according to

up(r) = up,y(r) = up(r)  and  in(r) =in(T) = in(7) (11)

we also have

0{] = C}U,(l) = ff[} and fN = fN,(l) = f;\r . (12)

Basically, besides the voltage formation also the transformation or "switching” of the AC side quantities
into DC side quantities is defined by the system control. This control has to be set therefore such that the
AC side harmonics as well as the stress on the DC link capacitor by DC link harmonics are minimized.
The relationships for unipolar and bipoler control of a four-quadrant chopper are summarized briefly in the
following.

2.2 Voltage Formation

The formation of the output voltage of a four-quadrant chopper for antisymmetric control of the bridge legs

ug, (1) = —uy, (7) (13)
is described by the relationship
m(t) = 2a3(r) — 1 m(r) = t;JUT(;) (14)
together with
%)— = 2a4(r) -1 z—ug;f((—r) =2a3(r) -1 ea1taz=1 (15)
a
" uy (1) = vy, (1) — v, (7) - (16)

&y and oz denote the turn-on times of the power devices T2 and T4 (cf. Fig.1) related to the pulse period.
For sinusoidal control
uy(r) = Uy sinwyt (17)
we have furthermore .
Uzk

(18)

; 1 M
al(T):E'i'"{SianT M
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We have to note that in Eq.(18) the amplitude Uy of the generated converter output voltage uy (the "line-
to-line” voltage generated as difference of the phase voltages uy, and uy, related to the ficticious DC link
voltage center point) is related to Uzx and not to Uz /2. This is done in order to obtain the usual variation
of the modulation depth in the region M € [0,1].

Fig.3: Voltage formation of a
single-phase PWM rectifier system
for unipolar control.
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Fig.4: Unipolar control: mains current ripple
(dashed line - bipolar control) and DC link cur-
rent shape.

2.2.1 Unipolar Control

As Fig.3 shows, the derivation of the control signals of the power devices can be performed in the simplest
way by intersection of a triangular signal (with pulse frequency) with the converter output voltage reference
value uf;(7). According to the antisymmetric control mentioned there follow the voltage shapes shown in
Fig.3. Within one (local) pulse period there results only one converter output voltage polarity which is
defined by the reference value polarity (unipolar control). For the maximum deviation of the mains current
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Fig.5: Unipolar control: maximum deviation Ain,maz(r) in dependency on the modulation index M and
on the position T of the pulse interval.

within one pulse period (local amplitude of the current ripple) there follows with Fig.4 or with

Ain|, o2 =0 (19)
immediately
AN muclT) = y%& [2 = 2a1(1')] [20:1(1') — 1] ay > az . (20)
For sinusoidal control we have furthermore -
L./lh'Nl,,,M(ﬂ.-') =2M sinwyT (1 — MsinwyT) Aty = UsxTe : (21)

Ai, 8L
For the sake of brevity the description is limited to the angle interval py = wnT € [0, #]. The relationships for
other converter voltage angles follow from simple symmetry considerations. Equation (21), shown graphically
in Fig.5, can be applied for dimensioning of the AC side inductance L. Furthermore, this relationship makes
possible a simple way of estimating the resulting harmonic losses. The local deviation Aiy(r,t,) considering
the assumed high system pulse rate is transfered into a time function

: 1 : 1 L
A ma(1) = 7 [ A4 dta = 5 A ae(?) (22
P
being quasi-continuous relative to the macroscopic time 7 and having equal local power loss. Then there
follows, due to the orthogonality between current fundamental and current harmonics, for the approximation
of the rms value of the current harmonics

ALy s = 7 [ Athoma(r) dr (23)
1 TN TN U
and
1 . _ 2,2 16M 3M?
Ai}lAIN*""’—:iM (1——31r + 3 2 (24)
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Fig.8: Voltage formation of a
single-phase PWM rectifier system
for bipolar control.

Fig.7: Bipolar control: mains current ripple
(dashed line — unipolar control) and DC link cur-
rent shape.

2.2.2 Bipolar Control

Contrary to the unipolar control for the especially simple realizable bipolar control the non-voltage-forming
switching states (free-wheeling states) of the system are not used. The control of the PWM converter bridge

legs is performed according to
1“U':("'i t#) = _uUI(T, t#) (25)

(cf. also Fig.6). Furthermore, Eq.(13) holds again. Independently of the converter output voltage reference
value in any case there occur both converter voltage polarities (bipolar control).

For the maximum deviation of the mains current within one pulse period there follows with Fig.7

AiN maz(T) = Uz—;Tﬁ ai(r)[1—as(r)] 05<ar<1 (26)
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Fig.8: Bipolar control: maximum deviation AiN maz(7) in dependency on the modulation index M and
of the position 7 of the pulse interval.

(positive half wave of the converter output voltage). Furthermore, we have with Eq.(18)

and

~—A’_ -Aipnmaz(t) = 2(1 = MEsin®wyT) (27)
n

1 4 2= S

aa A =3 (1- M+ = (z)

As a comparison of Figs.5 and 8 and also of Fig.9 shows, the simple bipolar control therefore shows major
disadvantages as compared to unipolar converter control. Due to the "ineconomical” voltage formation the
mains current harmonics show substantially higher values. This is especially true for the lower modulation
region; voltage uy = 0 is obtained by applying of opposite voltage polarities and not by the free-wheeling
state as in unipolar control. Furthermore, also the stress on the DC link capacitor is influenced substantially;

this will
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Fig.9: Comparison of unipolar control
and bipolar control — comparison of the
normalized harmonic power losses.
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Fig.10: Time dependency of the instan-
taneous power of a single-phase, purely si-
nusoidal current-voltage system.

In general unipolar control (as opposed to bipolar control) leads to a doubling of the effective pulse
number. In connection with that, it also leads to a corresponding reduction of the harmonics of the system

quantities.
Before a more detailed calculation of the DC link current characteristic values is performed, we will

briefly discuss the dimensioning of the DC side energy storing device concerning the amount of energy to be
stored temporarily. This device is basically required due to the not time-constant power flow in single-phase

systems.

2.3 Storage Device Dimension

According to Fig.10 or to

. Uard Uyl
pu(T) = vu(r)in(r) = U2 .4 cos @ — UZN cos(2wyT + @) , (29)

a sinusoidal single-phase voltage/current-system shows a not time-constant power flow, as opposed to three-
phase systems. Therefore, the application of an energy storing device becomes necessary (which is formed by
a DC link capacitor here) for ideal (constant) load DC current and constant DC link voltage (which results
in a constant system output power). There the storage device dimension Czk has to be determined via the
maximum allowable deviation bandwith AUc zx of the DC link voltage (and given rated value Uzg o of
the DC link voltage) according to the relationship

1
AU, ~ ——— AW, 30
C,ZK szsz,oA s (30)
and
1 pe
AWs=ESU.(1) Su) = —5 = Uy,rms IN,rms (31)
or
1
L AW — (32)
n *COS P
with
W, = Py oyt
w = Po,ay—5- Py (1) = Su,(1)cos ¥ , (33)
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respectively. For a simple estimate we can apply the "specific energy storage capability”

Awg = __l_/_\ws ~ 3.2Ws/kVA . (34)
Su,(1)

The energy to be stored does not constitute the only guideline for determing the size of the DC link capacitor,
however; the DC link capacitor in most cases is realized as series/parallel connection of electrolytic capacitors.
Due to the very much decreased life time of electrolytic capacitors for operation above the rated temperature’
the current carrying ability is linked immediately to the equivalent series resistance (ESR) and {o the cup
size and/or to the value of the capacitance.

In the following we therefore want to discuss the calculation of the capacitor current rms value which de-
termines the thermal stress. There we have to consider the frequency dependency of the ESR for electrolytic
capacitors. (The ESR decreases for increasing frequency.) In order to consequently pursue the approxima-
tion method and for an estimate of an upper limit we really only can link the capacitor current rms value
(which is determined by all DC link current harmonics) to one single frequency. Therefore, as follows from
considerations described later, for unipolar control (cf. Fig.4) we have to take the ESR value for twice the
pulse frequency (fp = 1/Tp), for bipolar control (cf. Fig.7) the ESR value for the pulse frequency.

2.4 Characteristic Values of the DC Link Current

Due to the discontinuous operation (dependent on the converter switching state) segments of the mains cur-
rent are transferred into the DC link within each pulse period. The stress on the DC link capacitor is given
by current contributions with pulse frequency. Their amplitude is essentially linked to the instantaneous
value of the mains current fundamental. The mains current harmonics (which can be influenced by the pulse
frequency) for higher output power (in the rated working point) have only a minor influence on the DC link
capacitor current rms value. This is because their amplitude is low, related to the current fundamental am-
plitude. This clearly justifies the neglection of the mains current harmonics for the approximate calculation
of the DC link capacitor current, as performed here.

2.4.1 Unipelar Control

According to Fig.1 we have for the capacitor current
ic,ZK = izK —iL - (35)
For the local DC link current rms value there follows with Fig.4 in general
i (r) = ik (7) [2ea(r) = 1] = i} (7) m(7) (36)
ZK,rms N (T N m\T

or, for sinusoidal control
iéx,rma (T) = Msin WNT 1‘%{(1-) ‘ (37)

The global DC link current rms value becomes

2M .
%K,rm.s = “S;’IJ%’(I + cos ) 2 (38)

(cf. also Fig.11). For the local DC link current mean value we have

: 1. :
1ZK,avg(T) = MEIN [cos e — cos(2wnT + p)] . (39)

10ne has to keep in mind that an increase of 10°C of the capacitor core above the rated temperature will cut the capacitor
life time in about one half.
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N local and global characteristic values of the
i / 3 DC link current.

m(¥)= Uy
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Uz

IN(T)

It shows an AC contribution according to the instantaneous system power which oscillates with twice the
mains frequency. The global mean value of the DC link current shall be set as (time-constant) load current

1 ~
in=Ir = EMINcos«p : (40)
With the relationships
i =igk — iC,2K » (41)
1 : : 2
Ikrms = G lic,zx (7) +in(r)] dr, (42)
N JTn
f ir(T)ic,zr(T)dr =0 ir(r) = Iy, = const. (43)
Tw
or
Ié‘,ZK,rmn = I%K,rma = I.:[z. ’ (44)
respectively, there follows for the rms value of the DC link capacitor current
,. 2 2 M
Ig.',Z'K.rm: = MIJZV [é; + cos’ v (5; - T)] (45)
(cf. also Fig.12).
If the capacitor current component having twice the mains frequency
I v (46)
C,ZK,(2),rms — 2\/5 N
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Fig.12: Unipolar control: dependency of the squared DC link capacitor current rms value on the mod-

ulation index M and on the phase relationship ¢ between converter output voltage and mains current
fundamental.

is decoupled by a proper tuned series resonant circuit (L, C;) lying in parallel to the DC link capacitor (cf.
Fig.1), there remains for the capacitor current stress

Ig‘,ZK,LC,rm: == Ié.ZK,rml - Icz':,zx,(z),.—m. - (47)
or
- 2 M 2 M
M= = 2ol = — =1 48
(G Ad ) ()
respectively.
2.4.2 Bipolar Control
As treated before for unipolar control we can derive for bipolar control considering Fig.7
izZK,rms (T) = 1’%1(7-) (49)
and i
I;‘K.rma = 511% (50)
and finally
. (1 M?
Ié.ZK.frm = I;J ('2_ = T cos? ‘P) (51)

(cf. also Fig.13). The comparison of the capacitor stress for unipolar and bipolar control (cf. Fig.12 and
Fig.13 rotated by 180°) again shows the advantage of unipolar control compared with bipolar control (cf.
section 2.2). According to the voltage formation shown in Fig.6, for bipolar control also for converter output
voltage uy () = 0 an AC current with pulse frequency is switched into the DC link. In contrary, in this
case for unipolar control there exists no coupling between AC side and DC side (izx (7,ts) = 0).
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3 Single-Phase Four-Quadrant DC Machine Drive

The considerations performed so far have been limited to a constant system output current. If, as shown
in Fig.14, the mains converter is applied to supply the DC link of a four-quadrant machine converter there
results a drive system of especially high quality. It shows low torque ripple and low influence of the mains,
besides high dynamics. The DC link capacitor is loaded by the DC link current contributions of both PWM
converters, however.

=4
2¥ZK

iz1 i7k2
ic,zk
L iy
- uU-|.1 UU2,1 "-"-"C
K
Uy l Uy
'%sz

Fig.14: Structure of the power circuit of a single-phase four-quadrant DC machine drive.
For the voltage formation of the converter systems we have with

aj1+az; = 1
allz + 02'2 =T 1 (52)
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for the local mean values of the converter voltages

wir) = Uszk [2e11(7) - 1]
ualr) = Uszg [2a1,2(7) - 1] . (a3)

The local mean values of the DC link currents follow as

izK1,a00(T) = n(7) [2e12(7) — 1]
iz 2,a09(T) = 14(T) [2a1,2(7) — 1] - (54)

Since we supply a DC machine we have furthermore (for stationary operation)
i4(1) = I4 = const. (55)
(where a sufficiently high armature inductance is assumed) and

%4 a0g(7) = Us = const. (56)

The DC link capacitor current is given by
ic,zK = iK1 — 1ZK,2» (57)

using the directions of current shown in Fig.14. For the global capacitor current rms value, considering the
CAUCHY-SCHWARZ inequality

2z
[/ iZK.l.""!(T) iZK‘Qufm-!(T) dT] < [/ i%’f(,l,rms(‘r) df} T {/ i%K,LFma(T) dr ' (58)
TN TN Twn

in general
Ic,zk,rms < Iz 1ems + 12K 2,rms (59)

can be derived in a simple way. The maximum thermal stress on the DC link capacitor (which, as mentioned
before, essentially influences its life time) occures for completely "uncorrelated” operation of the converter
systems (related to the power flows into the DC link). If the control signals of the two PWM converters are
gained by intersection of the voltage reference values with the same carrier signal ("synchronization” of the
converters), we can easily give the then essentially lower capacitor current rms value using the calculation

method presented here. In the following we want to assume a unipolar control of the two systems due to
the advantages discussed in sections 2.2 and 2.4. For the modulation depth of the two converters we set

Uy pp - Ua

Uzk T Uzk (60)

M,

According to a global (extended over the mains fundamental period) power balance there follows between
mains and armature current

1.
COSWI:]. IAZEIN%. (61)
2

The desired, as complete as possible, avoidance of the stress on the mains by fundamental reactive power
here is introduced by the assumption of cosp = 1. As Fig.15 shows, we have to distinguish the two cases

up(r) <Ua and  wuy(r) >Ua (62)

concerning the formation of the capacitor current. For the local mean value of the capacitor current we have
for both cases, however,

1 =
ic,zx,qu(f) = _ngIN cos 2wNT . (83)

INTELLIGENT MOTION - JUNE 1993 PROCEEDINGS 545



o b
T : ‘ f i

izi 2(Titp)

e
el Bl
=

Ny

‘c2Kavg'™ Fig.15: Shape of the DC link currents for
uu(‘r) 2 UA.

i, (1) () = 1a

1

This is true because for time-macroscopic consideration there occurs only an energy oscillation of twice the
mains frequency due to the constant power flow in the machine converter (cf. section 2.3, Eq.(29)). For the
local capacitor current rms value we have in the region uy(7) < uy4

: ; uy (T Uy . uy (T
16,7k rme(T) = '?"(T}U—z(xl + g, -~ Hain(7) sz) (64)
2 1 ) '
i%‘,ZK,rma(T):MIZI}J (Z—;E-}- EsinawN‘r—xll—z'ﬂnszT) (65)
and for uy(7) > Uy :
; ) uy (7 Uy . ua(r
2 aacome(7) = ) 2D 4 BT ot () ) (69)
: - 1 1 1 .
‘zc,zx,rm.q (r) = MET% (m—z + Esmsw;wr -~ Esmwyf) - (67)

Equation (66) follows from Eq.(64) simply by interchanging the action of the mains converter and of the
machine side converter.

The global capacitor current rms values therefore are defined via the relationships

xf2
IZ 2K ems = %/0 ] G 2K, ms uu(r)SUAd(wNT) Uy < Uy (68)
or
e = ML (54; = 4—:2-1‘) K21 > 1 (69)
and
I2 _2| [ AR 4
C,ZK s ms = [.[0 1C,ZK,rms “U(T)SU‘d(“’NT) it -/;u.; 10, 2K rms w(beAd(wN"')] Uy > Ua (70)
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Fig.16: Dependency of the stress on the DC link capacitor on the modulation indices M; and M; of the

mains converter and the machine side converter.

with
puq1=wnTy = aresinkgy ,  uoler) =Ua, (71)

2 2 2 = [ i T2
IC.ZK,rms = MIIN [3 ; dkoy ( 1 Kot o arcsin Egj_)] K21 [0'1] ( )

There x3; denotes according to

or

M,
- 73
K21 M, ( )
the ratio of the modulation indices of the converters.
A comparison of Eqs.(69) and (72) and of the relationship
o 4 1 1
IZ < M IE | — 4+ —— 424/ — 74
C,ZK,rms = 14N [31_ = 4&21 =+ 3.‘621} ( }

(which can be obtained by further evaluation of Eq.(59)) clearly shows the influence of the coupling of the
control of the two power electronic systems. We have to note, however, that only for bipolar control the
worst case can occur, as described for the case of equality in Eq.(74); this can be verified by a more thorough
analysis of the capacitor current shapes occurring for free control of the two converters.

The graphic illustration of Eqs.(69) and (72) leads to Fig.16. For the free-wheeling state of the mains
converter (My = 0) there occurs no DC link power flow and no DC link capacitor current flow. For
decreasing modulation index of the machine side converter the stress on the DC link capacitor (which
delivers the difference of the instantaneous power of the two converters) rises. This is because then the
power flow through the DC link leads to narrow DC link current blocks of high amplitude on the machine
side,
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4 Three-Phase Four-Quadrant PWM Rectifier System

Besides the characteristic values of single-phase PWM converter systems (as calculated here so far), especially
the stress on the DC link capacitor of a three-phase PWM rectifier system (cf. Fig.17) is of special interest;
this is especially the case for the realization of PWM converter systems with higher output power. A detailed
treatment of this problem is given in [8], based on the calculation method introduced here. Therefore we
only want to briefly discuss the essential aspects here.
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Fig.17: Structure of the power circuit of a three-phase PWM rectifier system.

For the relative turn-on intervals (related to the pulse period) of the power devices T2, T4 and T6 of
the upper bridge half (cf. Fig.17) we have in analogy to Eq.(18) :

1 :

agr(t) = E+—smwnr
1 M 2 '

0(5(1’) = 5 + 7 sin (WNT = _3{) (75)
1 M 2

CtT(‘T') = §+?sm r.uN'r+? .

The amplitude of the converter voltages (phase voltages) here is related to one half of the DC link voltage
according to

2Uy

=L Me[0;2/V3. (76)
Uzk

For the mains current fundamentals we want to set

iN,R(T) = fN sin(wN1r+ w)

iy,s(r) = Iy sin (wa +p— 2?1) (77)
. A, 2x
iygr(r) = Insin (w,vf-}— v+ T) .

Due to the three-phase property of the system it is completely characterized by consideration of the behavior

in the angle interval
o= (- 3)- (4 3] 2
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For the local mean value and the local rms value of the DC link current we then have
iz () = —ina(1)[ar(r) - ar(r)] +in.s(0)[es(r) = en(r)] (79)

and
2 om(1) = B a () [a(r) = ar(1)] + i3 s(D)[as(r) — an()] (80)

The local mean value of the DC link current shows the time-constant value
. abe
12;('4,9(7'): EINM CoStpSIZK'm,g ZIL (81)

for sinusoidal control, contrary to the single-phase system. This is caused by the time-constant instantaneous
power of a three-phase purely sinusoidal current-voltage system.

For a theoretically infinitely high switching frequency there now macroscopically is given the equivalence
of the local mean value of the DC link current and of a load current assumed constant here. Therefore, the DC
link capacitance does not have to meet the requirement of functioning as a (macroscopically acting) energy
storage device; a dimensioning guideline corresponding to Eq.(30) does not exist here. However, compared
to finite pulse frequency there occurs only a reduction of the current stress on the DC link capacitor by the
mains current harmonic contribution (which is neglected here, anyway). This is the case because also for
very high pulse rates the mains currents are projected into a discontinuous DC link current.

The dimensioning of the DC link capacitor has to be performed via the capacitor current rms value
accordingly. The capacitance value to be selected based on this dimensioning in most cases guaraniees a
more than als sufficient dimensioning result related to the voltage ripple showing pulse frequency. There low
influence of the equivalent series inductance (ESL) and of the equivalent series resistance (ESR} is assumed.

As mentioned before, in the following we set

Pr= izx‘ng(‘r) = const. (82)
With
) 3 fle+3)
IZK,r'ma = ;'/( '] 1ZK,rms(T) d:(wNT) (83)

there follows for the global DC link current rms value

V3 oo (1 :
I%K,rﬂu = —;MI}J (Z +0052 (P) . (84)
Considering the relationships
izg =iczk + 1L (85)
/ I iC,ZK('r) dr = 0 (86)
Tn
we have
;i =13 -1 (87)
C,ZK,rms ZK,rms L

(cf. Eqgs.(41), (42), (43), (44)). For the DC link capacitor current rms value we have herewith

2 | 3 V3 9
Ig-',ZK.rma = MI}" [Z;I" =+ COSZ'P (T = EM)] . (88)

The graphical illustration of Eq.(88) (cf. Fig.18) shows a pronounced analogy with the result gained for
unipolar control of a single-phase system (cf. Fig.12). This is because also here (e.g., for simple subharmonic
control) the converter free-wheeling states within each pulse period are included into the voltage formation
of the system. The maxima of the DC link capacitor current rms value occurring for modulation depths
close to 0.5 can be clearly explained by considering the rms value of the AC component of a unipolar square
wave signal with variable duty ratio o (which reaches a maximum for a = 0.5).
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Fig.18: Dependency of the squared DC link capacitor current on the modulation index M and on the
phase shift ¢ between converter phase voltage fundamental and mains current fundamental.

5 Conclusions

Within the scope of this paper we want to omit (for the sake of brevity) a comparison of the calculated
approximations with the results of a digital simulation. As shown in [8] for a three-phase PWM converter
system, the quality of the approximation for pz = T /T > 21 in any case is given to such a degree that it
is sufficient for dimensioning purposes. Because there do not exist basic differences between single-phase and
three-phase systems concerning the formation of the DC link current, we therefore can omit the verification
for single phase systems. This is true especially also because the pulse numbers of systems applying modern
turn-off power devices (IGBT, FET,...) lie at high values p; > 21; the approximate solution converge for
very high pulse numbers in any case to the exact values according to the applied neglections.

In general, the simple mathematical expressions given here can be applied directly for dimensioning the
DC link of a PWM converter system. Furthermore, due to the obtained relationships there is made possible
a deeper insight into the inner system behavior and a very time-consuming digital simulation can be omitted
in many cases.
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