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VOLTAGE AND CURRENT SPECTRA FOR MATRIX POWER
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Abstract. Matrix power converters are used for transforming one alternating-current power
supply to another, with different peak voltage and frequency. There are three input lines, with
sinusoidally varying voltages which are 120° out of phase one from another, and the output is to be
delivered as a similar three-phase supply. The matrix converter switches rapidly, to connect each
output line in sequence to each of the input lines in an attempt to synthesize the prescribed output
voltages. The switching is carried out at high frequency and it is of practical importance to know
the frequency spectra of the output voltages and of the input and output currents. We determine in
this paper these spectra using a new method, which has significant advantages over the prior default
method (a multiple Fourier series technique), leading to a considerably more direct calculation. In
particular, the determination of the input current spectrum is feasible here, whereas it would be a
significantly more daunting procedure using the prior method instead.
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1. Introduction. In electrical and electronic engineering, there are many ap-
plications in which it is necessary to convert a power supply from one voltage and
frequency to another. Particular examples arise in aeronautical and marine applica-
tions, since there are increasingly many electrically powered devices aboard aircraft
and ships, all with separate demands in terms of power supplies. The field of power
conversion, while of great economic importance, thus poses particular technological
challenges in aircraft in particular, where it is clearly highly desirable that power
conversion be achieved without recourse to heavy bulk energy storage elements.

In modern solid-state power converters, the need for intermediate energy storage
is avoided, because the output voltage is generated by rapidly switching between
multiple input voltages (see, for example, [7]). The aim is that the low-frequency
components of the output synthesize a prescribed waveform, while the high-frequency
components related to the switching are ultimately filtered out.

In this paper, we describe a compact means of determining the voltage and current
spectra for one such application of particular technological significance: the matrix
power converter [12]. This is a device which aims to convert an alternating-current
power supply at one voltage and frequency to a second at a different voltage and
frequency. Applications of matrix converters include adjustable-speed drives, where
the speed of the motor is governed by the frequency of its power supply. A significant
benefit of the approach outlined in this paper is that we are able to give explicit
and detailed descriptions of input currents, which are considerably more complex
and difficult to determine than the output voltages and currents which have been
predominantly studied in the past.
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The matrix converter switching frequency greatly exceeds the input and output
frequencies. The way in which its switching takes place is termed its modulation
strategy here, and there are many such strategies adopted in practice, of which a
comparatively simple variant is comprehensively analyzed in this paper. The matrix
converter successively connects, via switches, each output line to each of the input
lines, according to the modulation strategy. Thus the voltage on any given output line
comprises short segments of the three input sinusoidal waveforms; it contains both low-
frequency contributions (from the input voltages) and high-frequency contributions
(from the switching). It is the spectrum of the output voltages and currents that we
compute here, along with the more involved calculation for the corresponding currents
drawn from the input lines.

In digital implementations, the input voltages are measured (sampled) at high
frequency, at the start of each switching period. Then after each sample a calculation
must be done to determine the corresponding switching times to achieve the desired
output. This leads to so-called reqular or uniform sampling of the input to deter-
mine the modulation strategy. The delay between sampling and switching results
in undesirable distortion in the form of unintended low-frequency components in the
output [5]; it also affects the high-frequency part of the spectrum, but this is not so
serious provided that the low-pass filtering still effectively removes such components.

Although less relevant to the power converter application, an alternative sampling
technique is also analyzed here: so-called natural sampling, which is widely used in,
for example, audio applications [3, 6, 8]. In natural sampling, an analogue device com-
pares one of the input voltages with some reference waveform and switches whenever
the two become (instantaneously) equal. The lack of delays in natural sampling leads
to a more accurate spectrum for the audio component of the output [7]; a comparison
between the spectra for regular and natural sampling allows us to determine what
aspects of the former spectrum are due to associated digital implementation effects.

In the engineering literature, spectra for switching devices are generally computed
by a multiple Fourier series method usually ascribed to Black [3], but acknowledged
to go at least as far back as Bennett [2] (see, for example, [4]). The method involves
introducing separate independent variables representing time scaled by each of the
input, output, and switching frequencies, then writing the required quantities as mul-
tiple Fourier series, in terms of each of these variables separately. The corresponding
Fourier coefficients are then computed. Finally, the answer is specialized to the phys-
ical case, in which the separate time variables are recognized to be constant multiples
of one another. The method is simplest for natural sampling, but can be modified for
regular sampling, although it is more algebraically involved in that case.

The major content of this paper is the development of more direct methods than
Black’s for determining the output voltage, output current, and input current spectra.
The methods contained herein can be used for regular and natural sampling, although
the order in which various steps are applied is different in the two cases if the greatest
efficiency is to be achieved. However, in contrast to Black’s method, neither calcula-
tion is intrinsically more algebraically cumbersome than the other. Furthermore, our
analysis, although presented here for the matrix converter problem, is in fact read-
ily adaptable to any other switching problem for which Black’s method is the usual
default, for example the modeling of class-D audio amplifiers [6].

In section 2 we outline some notation and describe model calculations (given
for both regular and natural sampling), which form the building blocks for many of
the subsequent calculations. The output voltages are then computed, using these
building-block solutions, for both types of sampling. In section 3 we introduce further
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notation and calculate the output and input currents, for general output impedances,
illustrating our results in section 4. In section 5 we show how to derive more rapidly
convergent solutions when the form of the output impedances is known (it is often
the case that the output loads may be approximated by a resistor and an inductor
in series, for example), considerably reducing the computation time. Our conclusions
are given in section 6. In the appendix, we illustrate how the results in this paper
may be extended to a more complicated modulation strategy.

2. Calculation of output voltages. We begin by calculating the spectra of
output voltages in a matrix converter. Some of the main ideas of this simpler calcu-
lation recur in the more involved calculation for input currents and it is useful to set
out the main features and establish notation in the simpler context.

2.1. Notation for voltages. In an idealized matrix converter [12] (see Fig-
ure 2.1), there are three input voltages, which we label

(2'1) ’UA(t) — eiwot’ UB (t) — ei(w0t+2ﬂ/3)7 ’Uc(t) — ei(w0t+47r/3)’
where wg is the input frequency and voltages are scaled to give unit peak input

voltages. Of course, the physical voltages are the real parts of the expressions given
n (2.1). It will be convenient to write these collectively as a vector

vA(t) 1
viri)y = | vB@) | =t p |,  where p=¢*"/3
v™(t) p’

v (t)
Vout (t) _ Ub (t) ’

A
matrix
N /’0 B
O/ converter
C

q peo|

n

Fic. 2.1. Diagram of a matriz converter. Three input lines (A, B, and C) each supply sinu-
soidal voltages, each 120° out of phase with any other. There are loads on each of the output lines
(a, b, and c¢). The neutral point of the input lines is denoted by N and that of the output lines by n;
these neutral points are assumed to be connected to one another, and to be at a nominal zero volts.
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are obtained by sampling the input voltages during intervals which repeat quasiperi-
odically, according to the modulation strategy. We scale time so that the switching
period is unity (hence the switching frequency is 27), and consider a simple form of
switching pattern such that each output, labeled o = a, b, ¢, is of the form [9]

vA(t) forn<t<n+ay,
(2.2) vO(t) = vB(¢) forn+af <t<n+ gy,
v (t) forn+ 82 <t<n+1

(more sophisticated switching strategies can also be analyzed using the methods de-
scribed in this paper; these are discussed briefly in the appendix). An important
assumption in our analysis will be that the switching frequency is much larger than
the input frequency: 27 > wg. This is certainly the case in practical implementations,
to allow the high-frequency switching components to be filtered without affecting the
desired low-frequency components.

We encode the relationships in (2.2) using a switching matrix

FaA (t) FaB (t) Fac (t)
M) =| F"(t) F*P@) FC@) |,
) FR() ()

whose elements are either 0 or 1 at any given instant, according to which input and
output lines are connected. Then

(2.3) voUt(t) = M(t)vin (t).
For example,
(2.4) FaA(t) = Z ¢n,n+a;§(t)a

where the step function 1)y, ;, is defined by

_ 1 if tl < t < t2)
Vi () = { 0 otherwise,

and similar expressions can be written for the other elements of M(t), using (2.2).

2.2. A model calculation for the case of uniform sampling. Before de-
scribing the full calculation of the three-phase output voltages it is useful to outline a
model calculation which illustrates the essence of our approach in a somewhat simpler
setting. We consider a function,

o0
(2.5) Ft)= D Yntanntsa (),
n=—oo
which samples a unit input voltage over the quasiperiodically repeating intervals
n+a, <t<n-+ s,

In the case of uniform sampling, we assume that the switching times are determined
by sampling the continuous functions

(2.6) a(T) = po + Aa cos(Q7 + dg) and  B(7) = pg + Agcos (Q1 + 6o + d1)
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at the evenly spaced times 7 = n [1, 9, 10]. In other words,
(2.7) apn, = a(n) and Bn = B(n).

Note that the matrix product in (2.3) consists of sums of functions of the form (2.5),
modulated by the harmonic function e'“ot,
Adopting the convention that the Fourier transform is written as

Flw) = / e WR(t) dt,
and noting that the Fourier transform of the step function ¢y, +,(t) is

efiwtg _ efiwtl

Vet (W) = —————,
we find
R e . R o0 ) —iwfBn —iway,
Flo)y= Y ey, g w) = Y e ——°
n=—oo n=-—oo T
We now make use of the identity [11]
o
(28) e iz cosf _ Z Jm(z)(_i)me1m0,
m=—oo
so that
efiwﬁn _ efiwan e ) )
_ X 1an+lml§0’
—iw Z m(w)e

m=—0o0

where, using (2.6), we find

(29) Xm(CU) _ (_1)m (efinBJrimtsl JIm (wAﬁ) _ efiwﬂa!]m (W/\a)) .

—lw

It is useful to record the following limiting values:

1 — fa when m = 0,
(2.10) Xn(0) =< 3 (emifirg —),) when m = 1,
0 otherwise.

Then, using the Poisson summation formula in the form

f: MW= — on i 0(w —mQ — 2mn),

n=—oo n=—oo

we find that

Fw) = i i X (w) e~ in(@=m2)+imdo

n=—0o0 m=—00

(211) == 27T i i Xm(wnm)emi605(w_wnm)a

n=—oo0 m=—0oo
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where we denote
(2.12) Wnm = 2mn + mf.

The result (2.11) can alternatively be written in the time domain as

(2.13) F(t) = i i X (W Jelenmttimoo,

n=—0o0 m=—00

We therefore find that the spectrum of the function F'(¢) is confined to integer
combinations of the switching frequency 27 and the modulation frequency €2 (cf. [3]).
Furthermore, the frequencies of particular practical interest are those with n = 0
(those with n # 0 will be filtered out), and it is easily verified that in the limit
Q) < 27 the dominant frequencies with n = 0 are wpg = 0 and w1 = 0. It will
later prove useful to denote by Fy(t) the terms in (2.13) for n = 0; summing over m
the contributions to F'(¢) with n = 0 is then easily seen to give

(2.14) Fot)= Y Xon(wom)e™om M9 = 5(t) — a(t) + O(Q).

m=—0o0

By comparing (2.14) with (2.6), we see that the n = 0 contribution Fy(¢) is thus, with
errors of order {2, a sinusoidal signal with frequency €2, plus a constant signal.

2.3. Output voltages in the case of uniform sampling. The model calcula-
tion in section 2.2 can now be used as the basis for a more complete description of the
output voltages. We begin by describing more explicitly the switching conventions in
(2.2). These are designed to generate output voltages

Vres (1)
(2.15) Vit () = | ve(t) | =ae“* [ p |,
’Ufef(t) p2

where wy is the output frequency and q is the output amplitude. The subscript “ref”
indicates that the corresponding quantity is the intended, reference state; the actual
output voltage will generally approximate this reference value in its low-frequency
spectrum, but also contain slight low-frequency distortion terms and significant high-
frequency components. The matching of the low-frequency terms in v°U"t(¢) and
vou(t) is achieved by letting a2 and 2 in (2.2) oscillate with an appropriate fre-
quency that is much smaller than the switching frequency.

We focus on the simplest Venturini switching [1, 9, 10], in which, for each output
0 =a, b, or ¢, the times o and 2 are obtained by sampling smooth functions as in

(2.6) and (2.7), with
(2.16) al(1) = % + %q cos(Qr + §°), B°(r) = % + %QCOS(QT +0°-%).
Here,
QO =wi —wy
is the difference between output and input frequencies and

§°=0, & =2m, and 0°=3m
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The coefficients in (2.16) were originally derived by attempting to generate the correct
low-frequency components in the output voltages, in the limit Q — 0.

We now adapt the model calculation in section 2.2 to describe the output voltages.
Note that (2.3) indicates that any given output voltage can be written as

oo
V() =€ N P niag () + DUntagntsy () T P*Unisgnia(t)

n=—oo

= (FOA(t) + pFoB(t) + p2FC (t)) ", 0=a,b,c,

where
FOA (t) = Z ¢n7n+a$l (t)a
(217) FOB(t) = Z ¢n+o¢%,n+5ﬁ (t),

FO) = > Ynipenia(t)

are all particular cases of the function F'(t) described in section 2.2. Repeating the
calculations there, we find that F°4(t), F°B(t), and F°C(t) have Fourier transforms

o0 oo

(218)  Fl(w) =21 Y > X} (wnm)e™ 6w —wam), i=A4,B,C,
where
(_1)m —iw
Xh(w) = — [e BT (3qw) _5m0} ,
(2.19) XB(w) _ (=)™ [ef2iw/37im7r/3 _ efiw/3:| J (ng)
' m —iw m\3 ’
(_l)m —iw —2iw/3—imm
X{lw) = 2 om0 — T (300)]

here 8oy, is the Kronecker §. Note that the quantities X¢ (w) do not depend on the
output line.
The transformed output voltages are given by

9% (w) = FOA(L«) —wp) —|—pF°B(w — wp) —|—p2F°c(w — wo),

which can then be written as

o0 oo

0° (w) =27 Z Z eim&"Vnmé(w - Qnm)7

n=—oo m=—oo

where we denote
and

Qo = wWo + Wnm = wo + 270 + mid.
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The corresponding expression in the time domain gives us the key result of this section,
that the output voltages may be written as

(2.20) vO(t) = i i V., e nmt+ime®

n=—oo m=—0oo

Note that the amplitudes V;,,,, are common to all three output lines; the differences
between the three output voltages result from the different values of §° for o = a, b, ¢
in (2.20).

The most physically interesting part of the result is

e’} 1
(2.21) W)= D Vome'ontHime” = Ny eitontHimS” 4 0((Q).

m=—co m=—1
In analogy with (2.10), we find the limiting cases
Xi0)=4%, i=AB/C
and
(2.22)  X4(0)=2q,  XEZ(0) =3 —1), X (0)=—21geT"/3,

and these can be used to show that the rightmost sum in (2.21) approximately returns
the voltages required in (2.15), so that

(2.23) W () = vl (t) + O(Q).

The O(Q) error results from the discrete sampling of the input voltages used to com-
pute the modulation strategy with regular sampling. It can be eliminated by changing
the modulation strategy to natural sampling, which is now described.

2.4. A model calculation for the case of natural sampling. We now turn
to the case of natural sampling. Here, in contrast to regular sampling, the input
voltages are monitored continuously, and switching takes place at the instants when
these voltages become equal to some other reference voltage. Because of the need
to continuously monitor the input voltages, such sampling is generally implemented
using analogue electronics. The key additional algebraic complication associated with
natural sampling is that the switching times satisfy implicit equations. To analyze
natural sampling, then, we consider once again the model sum in (2.5) except that
the switching times are chosen to satisfy conditions

(2.24) an=An+ao,) and B, = B(n+6,),

where A(t) = po + Aq cos(Qt + do) and B(t) = pg + Ag cos (2t + dp + 7).

We note that, according to (2.24), we may consider «,, and (3, to be irregular
samples of the continuous functions A(t) and B(t). However, to make analytical
headway with our approach, it is preferable instead to regard «, and 3, as being
obtained by regularly sampling continuous functions «(7) and 5(7) as in (2.7). Now,
however, it is the functions A(t) and B(t) that are prescribed explicitly while the
functions «a(7) and S(7) are determined implicitly by

a(r) = A(T + 1)) and B(7) = B(t + B(1)),
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which are continuous versions of (2.24).

In the case of natural sampling, the output spectrum is best calculated by per-
forming Poisson resummation before taking the Fourier transform of the function F'(¢).
Using the version

(2.25) IIOEEY / ™I £(7) dr
of Poisson resummation on expression (2.5) for F'(t), we find that
[ee) [ee) ) ) (o] TA(t) ) )
(2.26) F(t) = Z / e a(r) s () AT = Z / " e“™™MT dr,
n=—oo0 "’ ~X n=—oo Y TB

where 75(t) and 74(t) are, respectively, the values of 7 at which the step function
Yrta(r),r+8(r)(t) switches on and then off again for fixed ¢. These switching times
satisfy the conditions t = 74 + «(74) and t = 75 + B(75), which can be rearranged
to give

TAt)=t—a(ra) =t—A(t) and  7p(t)=t— B(rp) =t — B(t).

We therefore have

oo t—A(t) _ 00 _
(2.27) F(t)= > / ™ dr = Y ™ F, (),
t—B(t)

where
—A(t) B(t) — A(t) ifn=0,
(228) Fn(t) = / eQﬂ_mT dr = e—2mniB(t) _ g—2mniA(t) .
—B(t) - otherwise.
—2mni

Equation (2.8) now gives

F(t)= i i X (2mm) elonmiHime”,

n=—oo m=—oo

where X,,(w) has been defined in (2.9) and, in the special case n = 0, we may use
(2.10); wpm has been defined in (2.12). The Fourier transform is

(2.29) F(w)=2r i f: X (271) €™ 5(w — wim).

n=—0o0 m=—0oQ

These results are similar to those given in section 2.2 for the case of uniform sam-
pling, except that the amplitude functions X,, are evaluated at different values of the
argument (27n here, rather than ws,, for uniform sampling). This difference has a
dramatic effect on the terms with n = 0, however, which collectively contribute

Fyo(t) = i X, (0) @omtHimd” — Bp) — A(t)

m=—0o0

to the sum (see also (2.28)). This is the natural-sampling analogue of (2.14) and it is
ezact, which means that the only low frequencies present in F'(t) are those present in
the prescribed functions A(¢) and B(t) (cf. [3, 6, 8]).
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2.5. Output voltages in the case of natural sampling. We now adapt the
model calculation in section 2.4 to the case of three-phase output voltages produced
by naturally sampling input voltages as in (2.2). The difference from the calculation
in section 2.3 is that here the switching times are determined implicitly by equations
of the form

ap =A°(n+ay) and  Bp =B°(n+p3),
where
(280) A7) =4+ Zgeos(r +8°),  BU(r) = %+ Bqeos(Qr +6° — 5),

rather than being given directly as in (2.16).

There is nothing fundamentally new in the calculation here that has not already
been covered in sections 2.3 and 2.4 so we simply present the main results. The output
voltages can be given in the form

(2.31) vO(t) = i i V@i SmmtHims®

which is similar to (2.20), except that in the expression
Vam = X3 (2mn) + pXJ(2mn) + p* X$ (2mn),

the arguments of the functions X¢, (which are once again given by (2.19)) are 2mn
instead of wyy,. The part of v°(¢) of most physical interest is the contribution from
terms with n = 0; this contribution can be written, using (2.10),

1
(2.32)  wf(t) = Y (XA0)+pX5(0) + p* X5 (0)) eomtHimd” — gelwrt o,

m=—1

Remarkably, this result coincides exactly with the desired form in (2.15). We empha-
size that the result v§(t) = v9,(t) is exact for natural sampling (cf. the corresponding
result (2.23) for uniform sampling, where there are errors of order ). In other con-

texts, this exact capture of some reference output is well known [3, 6, 7, 8].

3. Input and output currents. We now turn our attention to the currents in
the system. The output currents are readily determined from the output voltages,
provided that the output impedances are known (for simplicity, we suppose that
the output neutral is connected to the supply neutral—see Figure 2.1). In order to
construct the input currents, however, we must examine how the modulation strategy
assigns the output currents to each input line; we are thus led to consider two separate
discrete sampling processes, and the Fourier transform is as a result more complex
to analyze. We note that in practice the input currents are monitored to provide
a diagnostic of the system, and thus a knowledge of their spectrum is of particular
practical utility.

The general discussion below applies equally to either regular or natural sampling.
In section 3.4 below, we specialize the analysis to the two cases separately.

3.1. Notation for currents. We begin by setting out notation, building on
the discussion in section 2.1. We adopt similar conventions for the input and output
currents, writing
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in(t) = (i*,i%,i)T and i) = (i,4%,i)7,

where the superscript T' denotes the transpose, and we note that current conserva-
tion means that these are connected by the transpose of the switching matrix [12],
according to

(3.1) () = M) (1),

A central goal in this paper is to compute the spectrum of the input currents in terms
of the input voltages, and there are two elements to this calculation: summing over
the windows of time in which the input voltage is sampled as a simple harmonic, and
calculating the contributions from individual windows within that sum.

The summation is a double sum arising from the combined matrix products in
(2.3) and (3.1) and is described explicitly below. We first describe in general terms
the contribution of an individual element in this sum.

3.2. Loading the output: Currents associated with individual input
pulses. Let

(32) Vts,ty (t) = 1l)153,154 (t)emmt

represent an output voltage obtained by sampling a harmonic input voltage e?°f over
the window t3 < t < t4. Let the output be connected to a load described by the
impedance Z(w), so that in the frequency domain the output current is

N 1 1 .
Zt3,t4(w) = mvt3,t4 (w) = mlﬁts,m (w — wo).

We describe the corresponding relation in the time domain using an admittance op-
erator Y, such that iy, +,(t) = Yvg, +,(t). This will describe an output current that
switches on at ¢ = t3, is driven harmonically in the window t3 < t < t4, and decays
as a transient thereafter, when ¢4 < t < co. If a given input line connects to the
output in question during the window ¢; < t < 9, then we denote the corresponding
contribution to that input current by

(33) itl,tz,ts,M (t) = wh,tz (t)its,n (t) = wh,tz (t)YUt3,t4 (t)

The corresponding relation in the frequency domain is

(34) it1>t2,t3>t4 (w) = %¢t11t2 (w) * its,t4 (w) = %¢t11t2 (w) * [ﬁﬁts,m (w):| )

where * denotes convolution.

3.3. Loading the output: Total currents. Net input currents are obtained
by summing individual contributions of the form (3.4), as governed by the matrix
products in (2.3) and (3.1). We now outline details and notation for this process. Let
the output voltages and currents be related by

(3.5) () = YvOUi(t),
where ) is the diagonal matrix of admittance operators
Y« 0 0
Y=1| 0 Y* 0 |=dagY*Y"Y"),

0 0 Y°
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and where the diagonal elements are specific to each output. In Fourier representation,
the admittance operator is represented by the simple diagonal matrix

V(w) = diag(Z*(w) ™", 2°(w) ™!, Z°(w) ™)
of output-specific admittances. Combining (3.5) with (2.3) and (3.1), we may write
() = M(6)TYM(t)v™ (t).
Let us denote by
Q(t) = MHTYM(t)e "

the combined operator relating the input currents to the (known) input voltages, so
that

(3.6) "= | »

A typical element of Q(t) can be written as a simple sum over outputs. Specifically,

(37) QU = Y FUBY FI(t)e,

o=a,b,c

where the row index i = A, B, C and the column index j = A, B, C are labels of inputs.
Each switching element F°(t) is, in fact, a train of step-functions, as illustrated in
(2.4). This allows us to write more explicitly, for example,

(3'8) QBB (t) = Z Z Z mera;’,merB;’n (t)YO'@[JnJra?L,nJrﬁZ (t)eiWOt'

o=a,b,c m=—oco n=—o00

Note that the individual terms in this sum are of the form given in (3.3), with
t1=m+al, te=m+02,ts =n+al, and t4 = n+ [S. Other entries in the matrix
Q(t) can be written similarly, except that alternative combinations of switching times
are substituted for tq, to, t3, and t4.

In the frequency domain, a typical element of the matrix Q(w) can be written, in
analogy with (3.7),

(39) Vi) == ¥ ) | g = wn)

o=a,b,c

3.4. Direct calculation of input currents. We now outline a direct calcula-
tion of the input currents, for regular or natural sampling, using (3.8) and (3.9),
respectively, as a basis. Nothing is assumed here about the form of the output
impedances and the method is very general. More efficient, but less general, methods
are described later, for specific forms of the output impedances. The difference be-
tween the two sets of calculations derives from whether we perform the convolution
integral in (3.9) before or after the double sum over switching times. In this section,
the sum is performed first and the convolution after.
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3.4.1. Regular sampling. We first describe the calculation for regular sam-
pling. For the contribution Q% (w), as described by (3.9), we first write

Qiw) = 3 Qw),

o=a,b,c

where

(3.10) Q) = 3P 0) | o P -

and the function F°(w) has been defined in (2.17). In this expression the function

o0

FOi(w) =27 Z Z an(wnm)emiéoé(w — Wimn)

n=—o0 m=—o0

is convolved with
mi6°
wnm
Fo]w W —27T —5w—w — Wmn ),
Zo( ) ( 0) Z Z Z9(wo + Wrnm) ( 0 )

n=—oo0 m=—0oo

and the result is a quadruple sum

Q"” ) =27 E W,fl” S(w — wo — WrL — Wam),

kinm

where

kinm

o ei(l+m)6°
W J —Xl(wkl)X (L«)nm)[ ]

Z°(wo + Wnm)
and, in the sum, the indices k, I, n, and m run independently from —oco to co. The
output-dependent parts (to be summed over later) have been isolated within square

brackets in this expression. Using the fact that wii + wnm = Wr4n,i+m, this result can
alternatively be stated in the time domain as

QO 1] § : wWo: )i 1 (wot+wWk+n, l+m)t

klnm®
kinm

It is convenient to group terms in this sum with a common frequency, giving

(3.11) QY ( Z QY elivnt
where Qny = wo + wynp = wo + 27N + MQ and
(3.12) QN =D WY -

In this result, the amplitude O}, 9 of a term with a given frequency €,/ is expressed
as a double sum. Finally, we note that, according to (3.6), the total current in an
input labeled by the superscript ¢ can be obtained from the results above using

(3.13) ‘)= QM) +pQ " (t) +p’ Q7).
o=a,b,c
Although these formulas for the input currents seem rather unwieldy, we may
already note the potentially diagnostically useful result that, if all outputs have equal
impedance, then the sum over outputs produces a factor 3" e = 1 4 e2™Mi/3 4
e*™™i/3 \which vanishes unless M is a multiple of 3. Hence, in this special case, the
frequencies Qnar = wo + 27N + M appear only where M is a multiple of 3.
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3.4.2. Natural sampling. We may readily adapt the expressions derived in
the previous section to the case of natural sampling, without repeating the entire
calculation. To do so, we simply note, from (2.18) and (2.29), that the only material
difference in the natural sampling case lies in the arguments of the functions X}, used
in the definitions of F' °i(w). Hence the input currents are still given by an expression
of the form (3.13), with Q° given by (3.11); however, Q%, is now given by

(3.14) QX = Xy, 2m(N —n)) X}, (2mn) {

eiM5°
|\
nm

Z°(wo + Wnm)

rather than by (3.12). It is interesting to note that in the case of input currents, unlike
in the cases of output voltages and currents, natural sampling does not produce a clean
single harmonic when the high-frequency terms with N # 0 are filtered out.

4. Results for the voltage and current spectra. In this section we illustrate
the results above for the output voltage and input current spectra. Recalling that the
switching frequency has been scaled to 27, we choose parameter values as follows:

(4.1) wo = % X 27, wy = % X 27, q=0.4.

The corresponding output voltage spectrum is independent of the output loads, and is
shown in Figure 4.1, for regular and natural sampling. The primary feature of note is
the exact reproduction of the low-frequency (n = 0) part of the voltage spectrum for
natural sampling and, in contrast, the significant low-frequency distortion introduced
by regular sampling.

0 T T T T T T T
-2 MMJ
-6 1 |

-6 -4 -2 0 2 4 6

0 T T T T T T T
2 L
4 |
6 . u ! ! ! ! ! I
-6 -4 -2 0 2 4 6

Q

nm

log V,,,
A

log V,,,

Fic. 4.1. Spectrum of the output voltages, for parameter values (4.1). Upper plot: regular
sampling. Lower plot: natural sampling. Note the significant low-frequency distortion of the reqularly
sampled case.
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1 1
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~§ 2
OD '4
2 6

15 15
nm

Ol I I I I I l

15 -10 -5 0 5 10 15

Q

nm

Fic. 4.2. Spectrum of the input currents in line A with reqular sampling, for parameter values
(4.1). Upper plot: balanced loads, with (4.3). Lower plot: unbalanced loads, with (4.4). Spectra for
input lines B and C are similar.

To determine the input currents, we must specify the output loads, which will
each comprise a resistor and an inductor in series, so that

(4.2) Z°(w)=R°+iwl’ o=a,b,orec.

We consider two cases. In the first, all output lines offer equal impedance, with
(4.3) R* = R’ = R® = 50, L% =LY = L° = 5mH;

in the second, the output impedances are unbalanced, and we take

(4.4) R* = R® = R° = 5Q, L% =LY =5mH, L°=0mH.

From Figure 4.2 we see that the frequency spectrum for the input current is sparser for
the balanced load. In fact, as argued above, the spectrum is confined to frequencies
of the form wg + 27n + mf2, where m is a multiple of 3; for the unbalanced load, by
contrast, all frequencies of the form wg + 27n 4+ m{2 are present.

5. More efficient calculation of the input spectrum. The results of sec-
tion 3 provide expressions for the input and output currents, and thus solve the
problem posed at the start of this paper. However, each coefficient in the input cur-
rent spectrum requires the evaluation of a doubly infinite sum, as in (3.12) and (3.14).
Furthermore, these sums converge rather slowly. So we now describe a more efficient
means of obtaining the input current spectrum for specific output impedances. It
differs from the calculation in section 3 by taking advantage of the known impedances
to perform the convolution integrals in (3.9) before the sum over switching times is
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evaluated. A consequence is that each Fourier coefficient will then require calculation
of only a single infinite sum.

The explicit calculations outlined are for the case where each output load takes the
form of a resistor and an inductor in series, so that the corresponding impedances are
given by (4.2). The various complex impedances need not be equal between outputs
a, b, and c¢. We shall discuss later how this method may be extended to the case of
more general forms for the output impedances.

5.1. Illustration of transfer matrix calculation for purely resistive loads.
We begin by considering purely resistive loads, with L° = 0. Although such loads
are of limited practical interest, they are nevertheless useful to illustrate the following
transfer matrix method. For a purely resistive load, the admittances of the three
output lines are simply the constants Y° = 1/R°. This case is thus considerably
easier to analyze than that of general impedance because a step output voltage of
the sort described in section 3.2 produces an output current only while the voltage is
switched on. Then, for example, the terms in the sum (3.7) vanish unless n = m and
we find that the diagonal terms in @ take the form

(5.1) Q)= > —F‘” Yot i=A, B, orC.

o= abc

Note that the functions F°¢(t) have been defined in (2.17). The off-diagonal terms in
@ necessarily vanish for resistive loads. To see this, consider, for example,

(5.2) QM) = > Z oo Ymm-tag, (t)¥ntag.n+sg (1).

o=a,b,c m,n

It is clear that the intervals (m,m+a?2,) and (n+ a2, n+ (32) never overlap and hence
Q4B = 0. A similar consideration shows that all other off-diagonal terms are zero.

The three input currents are then, using the results and notation of sections 2.3
and 2.5,

At = QM () = Z Vo X2 (@ )€l

i%(t) = pQ"F (1) ZpYX (el

nm

C(t) — p2QCC(t) — Zp2Yng($nm)eiQnmt,

nm
where Ty, = wnmy for regular sampling, and x,,,, = 27n for natural sampling. Here

B o
elm5

Yo =
RO

o=a,b,c

is an effective total output admittance, common to all three inputs.

These two simplifying elements of the matrix @ (namely that @ is a diagonal
matrix, and that the diagonal elements are given by a single sum, as in (5.1)) follow
from there being a purely resistive load. The key points are that an output voltage
pulse produces a proportional output current pulse, and that after the voltage pulse
the corresponding current drops immediately to zero.
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5.2. Frequency domain calculation for series resistor/inductor loads.
We now consider the case of more general loads, with inductive as well as resistive
elements, with output impedances given by (4.2). In this case, the double sum in
(3.9) does not collapse to a single sum as it did in the purely resistive case and the
calculation is more complex.

Before summing the series, let us consider in more detail the structure of the
summand, whose general form is given in (3.4). For an inductive load with impedance
Z = R+ iwL = iL(w — i7), where v = R/L is the decay rate of transients in the
current, we can write (3.4) more explicitly as

dw’,

it17t2,t37t4 (w) P

1 00 (efi(wfw/)tg _ efi(wfw/)tl)(efi(wlfwo)m _ efi(w/fwo)tg)
2mi /

e L(w — w)(w' —iy)(w' — wp)
having substituted the explicit forms for @tl,tz (w) and @ts,n (w) in the convolution in-
tegral. This is conveniently evaluated using the residue calculus. The denominator in
the integrand has three zeroes, two on the real axis and one on the positive imaginary
axis. The zeroes on the real axis are canceled by zeroes in the numerator and do not
lead to poles in the total integrand. Since the integrand is analytic on the real axis,
we may move the contour slightly off the real axis before beginning the calculation
proper and the manner in which we do this will not affect the final result. This obser-
vation is relevant because we will evaluate the integral by expanding the numerator
and considering terms individually. Although these individual terms have poles on
the real axis, if we have deformed the contour away from these poles beforehand, the
individual integrals are well defined. Furthermore, any contributions made by the
poles on the real axis through the residue calculus must combine consistently and be
independent of the initial contour deformation. The integral is therefore controlled
by the pole at w’ = ¢7y. There are three cases to consider.
Case 1. Window t1,ts precedes window ts,ty.
In this case, where t; <ty < t3 < t4, every term in the expanded numerator

(efi(wfw/)tg N efi(wfw')tl)(efi(w/fwo)m . efi(w/fwo)tg)

—iwtotHiwotatiw (ta—ts) _ —iwtot+iwots+iw’ (ta—t3)

=e e

(5'3) _ e—iwt1+iwgt4+iw’(t1—t4) + e—iwt1+iw0t3+iw’(t1—t3)

decays exponentially as w’ descends into the lower-half plane. The contour of inte-
gration can therefore be pushed downwards and, because there are no poles in the
lower-half plane, the integral must vanish. We therefore necessarily have

(54) it1,t2,t3,t4 (w) =0

in this case. Note that in the case of more complicated load impedances, causality
demands that all of the zeroes of Z(w’) lie in the upper-half plane and the result
(5.4) still holds. The result is obvious in the time domain because a driving voltage
confined to the window (ts3,t4) produces no current for ¢ < ts, and any sampling
window confined to this range must produce a null result.
Case 2. Window t1,ts follows window ts,ty.

In this case, t3 < t4 < t; < t2. Let us assume that the integration contour has
been moved slightly above the real axis before the calculation for individual terms in
expansion (5.3) begins. Then, all of the terms on the right of (5.3) are exponentially
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decaying into the upper-half plane and we push the contour upwards, picking up a
contribution only from the pole at w’ = iy. This yields
(e—i(w—i'y)t2 _ e—i(w—i'y)t1)(ei(w0—i’>’)t4 _ ei(wo—iv)ts)

L(w —iy)(wo — 1)

1 efi(wfi'y)tg _ efi(wfi'y)tl ei(wofi'y)m _ ei(wofi'y)tg
L ( —i(w = i) ) ( i(wo — i) )

(5.5) = 2100~ 9V (0 1),

itl,t2,t3,t4 (w) =

For more general load impedances, there would be a sum of such contributions, each
term corresponding to a zero of Z(w’), or equivalently a decay rate of the system,
weighted by residues of 1/7(w’).

Case 3. Window t1,ts coincides with window ts3,t4.
In this case, t; = t3 < to = t4. The calculation here is somewhat more complicated
and requires a more careful consideration of the poles on the real axis. We forgo the
details here and simply quote the result:

. 1 efi(wfwo)tg _ efi(wfwo)tl
Bosstastanta (W) = TP ( “i(w — wo) )
ei(wofi'y)tl efi(wfi'y)tg _ efi(wfiv)tl
iL(wo — 1) ( —i(w 1) >
1 n i(wo—1i n .
(5.6) = Jiany [Pl = e0) = TG = i)

which is obtained by summing the contributions from the various poles for each of
the terms in (5.3) and following some further algebraic manipulation.

So far we have established the forms of the individual terms in (3.9). It remains
to perform the double sum over switching times in that equation. Once again we
concentrate initially on the element QBB(w) and indicate later how the calculation
is altered for other elements. In this case, the summands in (3.9) are of the form
Tty to 15,64 (w), as calculated above, with t1 = m 4+ af,, ta = m + (5, t3 = n+ af,
ty = n+ B, and with loads that are output-specific. Let us denote by

(5.7) ~°=R°/L°

the decay rate of transients associated with output o. In view of (5.4), the summands
vanish if n < m, so let us set n = m+r for r = 0,1,2,..., and separate (3.9) into
“diagonal” and “off-diagonal” contributions:

QBB (w) = Q(?ifg (CU) + Qfﬁ%iag(w)7

where

o0
BB X
QFB@) = > Y intagntagntagniss @)
o=a,b,c n=—00
and

oo oo
Mine@) = D" D" N bntrtas, mirsso,, ntagntss ().

o=a,b,c r=1n=—o00
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The diagonal contribution accounts for the terms with » = 0 and corresponds to the
case of coinciding windows given in (5.6). We expect these terms to dominate the total
sum and so describe them first. We start with regular sampling (natural sampling is
discussed at the end of this section). Then using the notation of section 2.3, we write

Z 1/%1 t2 W= wO Z 1/)n+o¢° n+0B2 (UJ UJO) F B(UJ — wo)

n=—oo n=—oo

=21 ) X (wnm)e™ 6(w — Q)

nm

recalling that Q,,,, = wo + wWnm = wo + 270 + M. A similar calculation shows that

S Iy i) = 3 I - i)
Y ) g0 (i)
where
(5.8) YwaEZka JNCE (W)
k=00

CB(w) = e /3 (=1)mJ,, (2qw).

Note that the expression defining Y,Z (w, w’) can be summed using Graf’s theorem [11].
However, leaving the definition of Y,Z (w,w’) as a sum, as done here, has the advantage
of admitting easier generalization to other diagonal terms and being simpler to write.
We can therefore write

Qdmg( ) =27 Z D2£eim505(w - Qnm)a

o=a,b,c

where

1
Z°(wo)

Dfﬁf = (Xn]i(wnm) - er (ana —wo + 170)) .

There are similar diagonal contributions to QAA and QCC, except that C’,‘C4 (w) and
Cf¢ (w) have the alternative forms

Con(w) =6mo,  Ca(w) = e /373y (2qw) .

We next discuss off-diagonal contributions. In this case the summands are of the
form given in (5.5) and
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Anondlag Z Z Z Lo wtl t2 - 170)1%3,754(_“0 + 170)

o=a,b,c r=1n=—00
o) 0o
5 55 Lewemsen
Lo
o=a,b,c r=1n=—00
x iao ot B (UJ - i’yo)&ag,ﬁg (—wo + i’yo)

(5.9) =2m Y AGEE5(w — Q)

o=a,b,c nm

where (after some manipulation)
1 .
A%BB — EUﬁB(wnm, —wo + 17°)

and

UpP(w,)= Y Gilw—w — k)X (w-w)XE ()

k=—o0

and
o0
— E efirw _ 1
iw _ 1
r=1 ¢

The off-diagonal contributions to Q44 and QCC are of the same form, with appro-
priate replacements for X5.

If we now consider elements Q% (w) with i # j, we find that the appropriate
intervals (t1,t2) and (3, t4) never overlap and all summands are of the form given in
(5.5). The calculation is very similar to that for Afﬂﬁiag (w) except that, when i > j,
the sum over r starts from r = 0 rather than r = 1 (here we adopt the convention
that C > B > A). The result is the following generalization of (5.9):

(5.10) QU(w) =21 Y > AT 5w — Q)

o=a,b,c nm

where
A% = 2 (am, —0 +19°)

and

(5.11) Ul (w,w') = i G (w—w — k)X (w— X! (W)
fe=—o00

and

G () evG(w) ifi>j,
w) =
G1(w) if i < j.

Again, the sum defining U (w, w’) can be expressed alternatively using Graf’s theorem
but the form given is simpler to write. Note that if we set ¢ = j, then (5.10) also
describes the off-diagonal part of Q%, if we take G¥(w) = G1(w).
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The current in the input labeled by the subscript 4 is (cf. (3.13))
(5.12) i'(t) = Q™ (1) + pQP () + P?Q™(t),

where

QU(t)= > > (Dgidij + Ayil) e’ it

o=a,b,c nm

Thus, from (5.12), the coefficient of each frequency component in the input current
i'(t) requires (aside from sums over the three output lines) only a single infinite sum
for computing each of the the terms D2 and A2 as in (5.8) and (5.11).

Finally, we note also that a similar calculation is possible in the case of natural
sampling. The answer in that case is similar, the main difference being that the func-
tions X!, Vi and UY take different arguments when they are used in the calculation

of the amplitudes D2 and A% (compare (2.20) with (2.31), for example).

6. Conclusions. We have shown how to compute the output voltage spectrum,
and the output and input current spectra for an idealized matrix power converter, for
general output loads. Our method provides a rather more direct alternative to the
usual approach of Black’s multiple Fourier series [2, 3], and appears to be the first
published calculation of the full spectrum. The mathematical expressions involved in
the present calculations are considerably more compact than would be the equivalent
expressions using Black’s method. Despite its greater directness, however, our method
still requires calculations that are rather algebraically involved. We have shown how
reasonable assumptions about the form of the output loads—for example, if they are
all series resistor-inductor loads—can be used for deriving more rapidly convergent
expressions for the input currents (which are of particular significance since they
provide an easily monitored diagnostic of the system). We note that the calculation
in this paper can be adapted relatively easily to more general output impedances.

One potential practical upshot of our work is the following. In applications such as
aeronautics, there are strict regulations regarding acceptable levels of the electromag-
netic interference generated by high-frequency switching applications such as matrix
converters. This paper provides, apparently for the first time, analytical expressions
for the full frequency spectrum of voltages and currents. We therefore expect the for-
mulas derived herein, and appropriate extensions of the methodology to more general
cases (for example, a wider range of output impedances) to allow engineers to design
matrix converters to satisfy mandatory restrictions on power quality without wasteful
overspecification of the associated filters.

In the appendix, we illustrate how similar techniques can be adapted to more
general switching protocols for the matrix converter. However, these introduce new
frequencies into the spectrum, so the calculation is more involved.

The Fourier transform/Poisson resummation techniques applied here (with a judi-
cious choice of the order in which the elements of the technique are applied, according
to whether regular or natural sampling is used) may also be applied to other switching
problems. Notable examples are the class-D audio amplifier, for which an analysis
such as that given in this paper would lead to considerably more compact derivations
of the spectrum than previously given [3, 8], and DC-AC converters (inverters) [7].

Appendix. The modulation strategies considered in the main text are the sim-
plest possible; in practice, more complicated strategies are used. Many of these will
be amenable to a treatment similar to that described in this paper, but with increased
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algebraic complexity. In this appendix we illustrate some of the necessary modifica-
tions by calculating the output voltage spectrum for natural sampling using a hybrid
Venturini modulation strategy. In this case, the switching times are determined by
A°(T) = % + %q [0 cos((w1 — wo)T + %) + (1 — 0) cos((w1 + wo)T + )],
B(1) = % + %q [9 cos((w1 —wo)T +0° = Z) + (1 = 0) cos((w1 + wo)T + 0% + %)] ,
where 0 < 6 < 1, rather than by (2.30). Notice that the case 8 = 1 recovers (2.30).

The case 6 = 1/2 proves particularly straightforward to implement in practice [12].
The calculation of F°(t) is now rather more involved, since

727rn1A°(t 7271'111/3 Z Z Conm 1(m w1 —wo)+m’ (w1+wo))t

m=—oo m’/=—o0

and

e—ZﬂniB"(t): —4mni/3 Z Z Conm 1(m w1 —wo)+m’ (w1+wo))t 1(m m)7'r/3

where
Conmr = (=)™ T (407g0) s (Ang(1 — §))el 709

Thus, in general, these quantities now involve additional frequencies beyond those
present for the simpler case 6 = 1.
Writing the output voltages as

Uo(t) — Z Vnmm/ei(2ﬂn+wo+m(u}1—w0)+m'(w1+wo))tei(m+m’)607

nmm/’

we have
(A1) Vimm: = X2 (27n) + pX B (2mn) + p?XE, . (2mn),
where
A (= 1)m+m —iw/3 2 2
Xiponr @) = e [T/, (30w8) T (3qw(1 = 6)) = oo
B (= 1)m+m —2iw/3+i(m'—m)m/3 —iw/3 2 2
XB ) = TL e = 03] 1 (2qb) I (2qu(1 — 0)),
C ( 1)m+m —iw —2iw/3+i(m’—m)m/3
X (@) = e [ 000 — T (2qw0)J i (2qu(1 — 9))] .

Special consideration needs to be given to the values of X! ,(0). We find that
Xt (0)=0fori= A, B, or C, except in the following cases:

mm/’

X{o(0) = 4, i=A B,orC

and

Xg1(0) = 5a(1-0),  Xgh,(0) = 3¢(1-0)(e™™/°~1), X1, (0) = —5q(1-0)e™"/?
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and
X{o(0) = a0, XEP(0) = 2g8(eT™3 — 1), XE1(0) = —LqheT/,

It then follows from (A.1) that for the contribution to the output voltages with n =0
we have Voo_1 = ¢(1 — 0) and V10 = ¢, with Vomm = 0 for all other choices of m
and m’. Thus the corresponding contribution to the output voltages is

’Ug(t) _ qeeiw1t+i5° + q(]. _ a)efiwltfiéo.

Hence the physical output voltage, given by the real part of this expression, is, as for
the simpler modulation strategy of section 2.5, exactly the intended reference voltage

v2(t). A similar calculation can be undertaken for uniform sampling but is not

described here.
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