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ABSTRACT - In audio techniques calculation of digital
filters is accelerated considerably by use of wave variables
instead of voltages and currents. The suitability of wave
variables for digital simulation of power converters was
investigated and the results are veported in this paper. The
original method is described briefly, modelling of switches
and diode rectifiers is presented, examples are given and
the features of the method are discussed.

1. Introduction of wave variables

Definitions

The pair of voltage u and current / appearing at the ter-
minals (gate) of a device or a line can be replaced by a pair
of wave variables @ and b which are defined by

a=u+7Z-1i b=u-72-1. '8

a and b are refered to as incident wave and reflected
wave. Z is called gate resistance. By a suitable choice of
this arbitrary constant the relation between the wave varia-
bles becomes very simple which becomes obvious when
linear devices are considered.

Linear devices

By a suitable choice of the gate resistance Z 0 this equa-
tion is simplified considerably: '

b=UQ for ZQ=R

In case of a current source this can be transformed to a
voltage source and so we get

b=R-I, for Zo = Ry 4)
A resistance R is considered a voltage source with
U 0= 0 : Thus its wave model is given by

b=0 for Z, = R. (5)

0 3)

The behaviour of energy storing devices is described by
differential expressions which have to be integrated. The
wave models become very simple if trapezoidal integration
method is used in case of digital dataprocessing.

Modelling an inductance starts from L-di/dt=u.
Application of trapezoidal rule to this expression delivers
I, =i _,+ T/(2L) - (u,+u, ) where T is the
sampling time or step width. Introduction of wave variables
and solving for the reflected wave results in

T-Z T-Z
L I
bk:(l_ )“k"(lJr j'ak—l*

The terminal voltage 1 of a voltage source Q and its cur- 2L 2L 6
rent [ are related by # = U+ R, -i. Replacing the T-Z, 6)
vollage and the current by the related wave variables and _ (1 — _ZL’j - b ]
solving the equation for the reflected wave & results in

5 1-R 0 /7 0 Choosing a suitable gate resistance Z 1. result in

b= U,—7 7575 @ 2 b, =— a for Z, =2L/T. @)
1+RQ/ZQ Q 1+RQ/ZQ k k1 L
Table 1  Wave models of linear devices .
Device Original variables Wave variables

Voltage source u=Us+Ry,-i b= Ug for Z, =R,

Current source U = RQ . (1Q+ i) bk = RQ' UQ for ZQ = RQ

Resistance u=R-i bk =0 for ZR =R

Capacitance C-du/dt = i b, = a, for Z.= T7(20)
Inductance L-di/dr = u b,=-a,_, for Z = @2L)/T
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In a similar way a simple wave model for the capaci-
tance is achieved.

Modelling of linear devices is summarized in Table 1.
From this table the following results are visible (suitable
choice of gate resistances provided):

« Sources and resistances are reflection-free because their
reflected waves b x do not depend on their incident
waves d .

» Capacitances and inductances are reflection-free,
because their reflected waves &, do not depend on their
actual incident waves @, of the same instant & .

« Attention must be paid to the fact that the terminal volta-
ges and currents of all devices must be assigned in the
same sense as shown by example of Fig. 1(a).

Due to the facts that the reflected waves of linear devices

do not depend on the actual incident waves they can be

determined without any calculation. This is why the simu-
lation algorithm is extremly simple and simulation is per-
formed very fast.

Connection of devices
After the basic devices have been modelled they have to

be connected. This procedure 1s explained by example of

Fig. 1 showing a circuit and its wave flow graph.
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Fig. 1 Connection of devices: (a) Circuit; (b) Circuit
with connecting boxes (c) Wave flow graph

At wave modelling parallel and series connections have
to be performed seperately which was considered when
redrawing the circuit at Fig. 1(b). In figure two connecting
boxes S and P are introduced in which is performed the
series and parallel connection of the devices. Note, that the
parallel connection box is part of the series connection at
the left and vice versa. Thus, at example three units are
connected by each connection box, two devices and one
subcircuit.

The related wave flow graph is shown in Fig. 1(c): The
bhasic devices are replaced by suitable symbols and instead
of the connecting boxes there are socalled adaptors, one
series adaptor A and one parallel adaptor P.

The behaviour of series and paralle]l connections is des-
cribed by Kirchhoff’s laws which will be established for
both types of connections. Replacing voltages and currents
by wave variables will deliver the wave equations of series
and parallel adaptors. But at first terminal the voltages and
current of the adaptor gates have to be defined from which
the wave variables of the adaptor gates are calculated.

The following agreements are established:

+ The voltages of an adaptor’s gate and of the device con-
nected tp this gate are equal, “ada = Upey
According to the general agreement how to assign a ter-
minal current to the terminal voltage the current of the
adaptor must be  established according to
‘ada = TDev: .

* From the preceeding definition we get the following
result for wave variables of an adaptor gate and the
device being connected to this gate:

Upda = bDev and bAda = aDev if
ZAda = ZDev' (®)

To make use of this simplification gate resistances of
connected gates must be equal.

= All units (devices and adaptors) connected to a series
adaptor are arranged such that the voltage arrows of all
gate are oriented either clockwise or counterclockwise.

» All units connected to a parallel adaptor are arranged
such that the voltage arrows of all gates have the same
orientation with regard to the internal connecting points
of the adaptor.

Arbitrarily the parallel connection is investigated first: If

N units are connected in parallel the voltages and currents

are related by

and for each n u, =u, @

After replacing voltages and currents by wave variables
the reflected wave of an arbitrary gate & can be calculated.
The result can be formulated as

Np
b, = skk'ak+skm'z a, (10)
m=1lmzk

with the stray coefficients of parallel adaptor P

-1 -1
DI > 7
n=1 n=1
Notice, that the reflected wave of an adaptor gate
depends on the sum of the incident waves of the other gates

by a common stray coefficient which simplifies calculation.
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In case of our example the parallel adaptor has N p= 3
gates to which two devices and the series adaptor are con-
nected. At two gates the gate resistances are established by
the related devices. The gate resistance Z,,, of the third
gate k = 3 is not established yet. But by use of eq. (7) it
can be chosen such that the related stray coefficient beco-
mes Spyq = 0. This allows to calculate the reflected
waves of adaptor gate 3 without knowledge of the incident
wave apq originating from the other adaptor. Now we can
proceed by considering of the series adaptor at the left part
of Fig. 1(c).

For a series connection of N basic devices and/or subcir-
cuits - proper choice of arrows provided - the equations

N 5
u =0

T and for each n i, =i (12)

hold. By introduction of wave variables an equation like eq.
(10) is derived, but now the stray coefficients are

(13)

n=1 n=1

If this result 1s applied to the series adaptor of our
example all gate resistances of this adaptor are already
established by the linked devices and the parallel adaptor.
But all incident waves, included that coming from the par-
allel adaptor, are known and the calculation of the reflected
waves does not cause any problem. One of these waves 1s
the missing incident wave of the parallel adaptor. Knowing
this variable all wave variables reflected from the parallel
adaptor to the adjacent devices can be determined.

2. Simulation procedure:

According to the preceeding scction the following steps
are required for digital simulation by means of wave varia-
bles:
1.From the circuit a wave flow graph has to be constructed
considering the rules for voltage and current arrows.
2.The gate resistances have to be determined according to
the stepwidth T. The sequence of calculation steps is
established in such a manner that the reflected waves can
be calculated straight forward.

3 Before starting the simulation at k = 0 the reflected

T 2m0

100M£2

2ml)

T 05V

waves of capacitances and inductances have to be initiali-
zed. For this purpose the voltages and curents of the
capacitances i~ . /4 o and inductances i, 0 i L0
are calculated. From this data the initial values of the
reflected waves b c.o and b;  are calculated by means
of eq. (1). ' '

4, At each simulation step k the reflected waves of the
devices arc considered incident waves of adaptors
Updak = bDev,k' The reflected waves bAda, g of
adaptors are calculated stepwise as explained above for
the example. These wave variables are the incident waves
of the devices‘ Aoy, k = .b Ada, k* Notice, only the inci-
dent waves of energy storing devices a Lk %c i & of
interest and need to be calculated.

5.The reflected waves b Lk+1® bC, K+ of the reactAivc
components are determined for the next instant according
to Table 1.

6.Steps 4 and 5 are repeated for each integration step.

A good introduction to the application of wave variables

to linear circuits can be found at [1].

3. Modelling of rectifiers by characteristics

For simulation of power converters by means of wave
variables wave models of transistors and diodes had to be
developed [2], [3].

Diodes and diode rectifiers can be modelled either by
their nonlinear characteristic or as switches which cause a
change of network. Transistors and transistor stages are
externally controlled and can also be modelled by switches.
Often modelling by a voltage or current source is also pos-
sible. In the following modelling of diodes and diode recti-
fiers by characteristics is discussed more in detail.
Wave-model of ideal diode

Modelling of an ideal diode 1s easy. Its characteristic is
derived as » = — |a|. This is the first device whose
reflected wave depends directly on the incident wave. The
device is not reflexion-free. The problem caused by this
fact is not severe and solving an algebraic equation sysrem
can be avoided as long as only one diode is present.
Wave-model of diode rectifier

The same is true, if a converter comprises only one diode
with finite blocking and conducting resistances or one
diode rectifier, which is a subcircuit consisting of diodes
and resistances and which does not comprise energy
storing devices. Modelling of diode rectifiers by characteri-
stics is now discussed refering to example of Fig. 2.

105nH 35nH

Jzmer

Fig. 2 Circuitof a LCC
resonant converter




In the centre of Fig. 2 the diode retifier is allocated being
surrounded by dashed line. It consists of an ideal, non
energy storing three winding transformer and two diodes.
The resistances of the diodes are shown explicitely; they
can be low or high depending on the switching state of
diode. By the two pais of terminals the rectifier is connec-
ted to linear networks at the right and at the left which will
be discussed later in detail.

A converter like the resonant converter of Fig. 2 can be
divided into two linear subsystems I and Il which are con-
nected to the gates of the rectifier G. This results in a struc-
ture shown at Fig. 3.

4
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Fig. 3 Wave flow graph of a converter with rectifier

Each subsystem consists of energy storing devices X,
source U and resistive devices R which - in the wave flow
graph - are connected by several adaptors A. Each subsy-
stem exchanges one pair of wave variables with the rectifier
model G. The incident waves a of the rectifiers
which are reflected waves of subcircuits’ adaptors can be
calculated as usual. The calculation of the reflected waves
of the rectifier b 5 is performed now.

Modelling of a rectifier starts at the circuit where each
diode Dl. is replaced by a representing resistance Ri' The
value of the resistarnce depends on the switching state of the
diode and is unknown yet, For the resistive network repre-
senting the rectifier a wave model is derived now and the
reflected waves of the two rectifier gates are calculated:
by = sy -a;+s5)y 9y

14
by = sy1-ay+s5yay .

In a second step the switching state of the rectifier is
determined. For each diode an equation is derived which
gate voltages and currents fullfill at the boundary between
the conducting and the blocking state of this diode. From
the requirement u pi = 0 orip, = 0 alinear equation
kl-u1+k2-u2+k3~i1+k4-i2:O (15)
results. The coefficients & depend on the unknown swit-
ching states of the diodes, but due to i ;= 0 they do not
depend on the state of the diode under investigation D, .

When wave variables are introduced to eq. (15) we get
Cpraptcyray+ceybitc, by =0. (16)

2 4

In this equation the reflected waves can be eliminated by
use of eq. (14) and a linear relation between the incident
waves is obtained

a, = mp.-a,, an

which represents the requirement u,. = 0 and marks the

boundary between the areas where the diode is conducting

and blocking, respectively. According to eq. (17) this
boundary is a straight line in the @, .4, -plane and will be

called switching line. The slope of the switching line m Di

is not determined yet; it depends on the switching states of

the other diodes like the coefficients ¢ and k.

When switching lines for all diodes are established they
divide the a,,a,-plane into sectors in which different
switching states of the rectifier exist.

At many circuits, like bridge topologies, pairs of diodes
are switching synchronously. In these cases, of course, only
one switching line per pair is existing.

Simulation of converters comprising diode rectifiers

In accordance with modelling, consideration of a rectifier

at simulation is performed as follows, sec also Appendix:

+ After calculation of the incident waves of the rectifier,
delivered by the linear subsystems, the position of point
(a,, a,) with regard to the switching lines is determi-
ned in the a.a, -plane. From this information the swit-
ching states and the actual resistances of all diodes result.

+ From the resistances the stray coefficients s can be cal-
culated (or precalculated values are read from the
memory) which are used to calulate the reflected waves
of the rectifier by use of eq. (14).

4. Modelling of rectifiers by switches

This technique which is wellknown from normal simula-
tors requires to check the switching states at each simula-
tion step: A switching occurs when the current of a conduc-
ting diode becomes negative (i Di < 0) or when the voltage
of a blocking diode becomes positive (uD{. >0).

When switching takes place the topology of the circuit
changes. All topologies appearing during simulation have
to be modelled by a wave flow graph. Since switches are
not present the circuits behave linear.

By the switching procedure the capacitance currents and
inductance voltages (not being state variables) are changed.
In consequernce the wave variables of these devices change
also and must be initialized after each switching. The
initialization of wave variables does not require calculation
of capacitor currents and inductance voltages but can be
performed directly using wave variables as follows.

At first the currents and voltages of all inductances and
capacitances are gathered in the state variable vector

. T ) T
X = [zu, [ gs wees Uy Uiy wons ] (i, uc) ~ (18)

]

and a complementary vector
T

. . . T
y = [uLl’ Upop s By Egs oo ] (uy,ic) (19)

n

From the values of inductances and capacitances a matrix
E = diag [Ll, L2, e € C,, ey ] (20)

is formed. Using these definitions two equations can be
established: The first equation describes the behaviour of
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the devices, the second - the state space equation - depends

on the connection of the devices.

£ dx _ E dx - B
"GEY -dtzA-x+ -u (21)
These equations are combined now and are established

for the instants immediately before and after switching

y=A-x+B-u
y+Ay = (A+AK) x+ (B+AB) ‘u

Changes of variables and matrices are marked by A and,
at the second equation, the continuity of state variables was
already considered (AX = 0) and the continuity of input
signals was assumed (Au = 0 ). From equations

Ax =0 Ay = AA-x+AB - u (23)

resulting from the continuity and from eq. (22) the voltages
and currents forming the vectors AX, X, Ay and y are
replaced by wave variables. Thus eq. (23) yields

(22)

M —1
l | Ze - (Aap - AbL):I _ ]:0:] 24)
2 L0
(Aac + Abc)
i [ (AaL+Aby)
~. N -
(Z: - (Aag— Abe) o5)

AL [ZL_l' (aL_bL)} +AB - u
2 (ac +be)

where Z; and Z, are diagonal matrices comprising the
gate resistances of inductances and capacitances.

From equations given above the variations of the wave
variables result by a simple calculation as

[Abq [ Aay :]
Ab¢ —Aac

AﬂL 1 ~ —1 . _ (26)
l: -1 } = AA-Q-[LL (ar bL)}+AB-u
ZC . Aac (EIC + bc)

5. Example

A simulation program based on wave variables was writ-
ten and tested by simulating different circuits comprising
different rectifier circuits.

LCC resonant converter of Fig. [ is selected as simula-
tion example here, which shows different operation modes.

In the center of the figure the rectifier stage is surrounded
by dashed line. It consists of two diodes which are fed by
an ideal three winding transformer. The diode resistances
which depend on the switching statss the resistance of the
secondary windings are shown explicitely. In these resi-
stances the resistances of the secondary windings can be
included. The other parasitics of the transformer (mutual
inductance, leakage inductance and resistance of the pri-
mary winding) are modelled at the vertical branch left of

the rectifier stage. At the left side of the figure a voltage
source is used to model the square wave voltage generated
by the inverter. It is linked to the transformer via the LCC
resonant circuit. At the right side of the retifier stage a dc
voltage source represents the threshhold voltage of the rec-
tifier diodes. The model of the two stage LCLC filter com-
prises the parasitic resistances and inductances of the capa-
citors which influence the output voltage ripple consi-
derably.

The simulation of a start-up procedure is shown at Fig. 4
showing the rise of output voltage during ### ms.

5000 YVua"

3730 Jﬂ
2300 /
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0 12500 25.00u 37.50u 50.00u

Fig. 4 Start-up procedure of LCC resonant converter

Fig. 5(a) and Fig. 5(b ) show some signals during two
switching periods at steady state operation at the end of the
start-up. At Fig. 5(a) the rectangular voltage of the inverter
is shown as well as the output voltage of the LCC resonant
circuit which is applied to the transformer. The fundametal
wave has a lagging phase due to switching frequency being
larger than resonant frequency. The harmonics are caused
by the switching rectifier stage. At Fig. 5(b ) the ripple of
the output voltage is shown. The rapid changes of voltage

(a)

4000 Vioe"
Vue"

N
2000 7

D [
L b/

SN A
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45 00U 45 250 47 50u 48 750 50.00u

(b)

4450 Vg
/D\ //N N
0 \/\‘*\\/
4.375
4,350

45,009 46.25u0 47 50u 48 75u A0.00u

Fig. 5 WVoltages at end of start-up procedure
(a) Voltages of inverter and resonant capacitor
(b) Ripple of output voltage
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are caused by the parasitic inductance and resistance of the
output capacitor.

Simulation of the same event with a standard simulator
like Saber delivers exactly the same result as far as trape-
zoidal integration rule and the same step width are used.
But with the same computer the simulation routine with
wave variables is four times faster than with normal simu-
lation (pre- and postprocessing not included) .

6. Conclusion

By use of wave variables instead of voltages and currents
simulation speed can be increased considerably as far as
the circuit does not comprise nonlinearities with exception
of one diode or one rectifier stage.

Nonlinearities like the magnetization curve of a saturated
inductor have already been modelled. However the simpli-
city of the method and its main advantage of high simula-
tion speed are reduced when nonlinear characteristics - like
the magnetization curve of a saturated inductor - have to be
modelled. This is why simulation by means of wave varia-
bles cannot replace conventional simulation tools.

Nevertheless, when all devices are linear or when non-
linearities can be neglected, the new method 1s suitable for
applications at whose simulation 1s very time consuming
and/or has to be repeated frequently.

An example for long simuiation time is the start up pro-
cedure of a switch mode power supply where many swit-
ching periods have to be calculated and where different
modes of operation can appear. Timeconsuming simulation
time is also nccessary when power factor correcting cir-
cuits are investigated, Simulation must be extended at least
(or one half of theline voltage period and a large number of
integration steps is necessary because stepwidth must be
adapted to the short period of switching frequency.

An example, where simulation has (o be repeated very
often 1s the determination of steady state characteristics.
For this purpose steady state operating points for a large
variety of input voltage and output current have to be deter-
mined.

Another application, using the new simulation tech-
niques effectively for repetetive simulation, is the optimal
design of filters. In [2] it was used successfully for the
design of multi-stage output filiers which cannot be calcu-
lated analytically duc to the high system order. The pro-
gram for filter simulation in combination with an optimza-
tion algorithm which varies the filter parameters will be
part of a CAE-tool for the design of switch mode power
suppplies which is developed at the department of the
author.

Last not least, a very practical aspect has to be conside-
red. If simulation by means of wave variables is not used
frequently its implementation can take more time than the
method can save during simulation.

Concluding the paper it should be mentioned that
actually a manufacturer of a simulator is interested in
implementing the wave variable method as a special inte-
gration tool in his product.

Acknowledgement: The author thank Deutsche For-
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simulation of power electronic circuits by means of wave
variables.
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Appendix

Consideration of a rectifier stage can also be explained
by use of equations. For this purpose a matrix equation is
established for adaptor Al in Fig. 3:

ay x Sxx Sxu Sxc bx x

agy | = [Sux Svu Sue|. | by, |, @7
T T

461,k S Seu GG b1,

In this equation the incident and reflected waves of the
devices connected to adaptor I are gathered in vectors
axy, bgyx and ayy. by, (Notice that the reflected
waves b of devices are the incident waves of the adaptor).
In accordance 4, , and b o1 ¢ 2re the wave variables of
rectifier gate | being connected to adaptor L. In matrices S
and vectors § the stray coefficients of the adaptor are col-
lected.

If adaptor gate 1 is assumed to be reflexion-free s e = 0
holds and the reflected wave of adaptor gate 1 can be deter-
mined by use of the last line of eq. (27).

T T
a =s -b +s by, . 28
Gl,k exX Xk-1 qu Uk (28)

After determination of reflected waves b Gl k> b ok
coming from the rectifier the incident waves of the devides
can be calculated by use of lines 1 and 2 of eq. (27):

axy| _ (Sxx Sxu bx k-1 SXGk

EIU7 SUX S . bU,k

) by g 29
UGk
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