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Abstract—To reduce the low-order harmonics produced by the
high-power pulsewidth-modulated (PWM) converters, selective
harmonic elimination (SHE) scheme is commonly used due to its
superior harmonic performance at low switching frequency. How-
ever, as an off-line modulation technique, the SHE scheme itself
lacks the capability to realize the active compensation of the grid
background harmonics. To enable the active compensation ability
of the SHE-modulated PWM converters, this paper proposes an
active compensation method through the jittering of SHE phase
angle. The proposed method can realize the real-time compensa-
tion of the preexisting system background harmonics in high-power
PWM converters’ system. An application example on a high-power
PWM current-source rectifier (CSR) system is provided in this pa-
per. Experimental results show that the proposed method can ef-
fectively attenuate the line current harmonics caused by the grid
background harmonics in the high-power PWM CSR systems.

Index Terms—Current-source rectifier (CSR), harmonic com-
pensation, high-power converter, real-time compensation, selective
harmonic elimination (SHE).

I. INTRODUCTION

IGH-POWER converters, such as multilevel voltage-
H source converters and current-source converters, are
widely used in high-power (>1 MVA) medium-voltage (2.3—
13.8 kV) ac drives, HVDC systems, etc. Typically, the high-
power converters are operated with a low switching frequency
(300-800 Hz) in order to reduce the switching power loss [1].
The low switching frequency is prone to produce low-order har-
monics, which may cause significant line current distortion due
to the converter system’s filter circuit. To avoid such problems,
the selective harmonic elimination (SHE) modulation scheme
is commonly adopted at the high-power pulsewidth-modulated
(PWM) converters due to its superior harmonic performance at
low switching frequency. Taking a high-power PWM current-
source rectifier (CSR) system as shown in Fig. 1; for example,
a three-phase capacitor is required at the rectifier input to assist
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Fig. 1. Topology of PWM CSR system.
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Fig. 2. Typical control diagram of high-power PWM CSR system.

the commutation of switching devices, which forms an LC fil-
ter with the grid line impedance and filter reactor. Considering
the CSR switching frequency and the input power factor, the
commutation capacitance is commonly sized between 0.3 and
0.5 p.u. [1], [2]. As the total line inductance (grid line induc-
tance and filter inductance) is normally in the range of 0.1-0.15
p-u., the resultant LC resonant frequency is within 3.6-5.8 p.u.
so that the low-order harmonics (such as 5th) produced by the
PWM CSR may result in significant line current distortion [2].
Considering this potential problem, the PWM CSR is commonly
modulated by the SHE scheme [3]-[6]. A typical control dia-
gram of high-power PWM CSR system is shown in Fig. 2, where
the dc-link current is controlled by delay angle ().
Nevertheless, as an off-line technique, the SHE scheme itself
lacks the capability to actively attenuate the current distortion
caused by the system background harmonics (e.g., the signifi-
cant line current distortion may be resulted from the low-order
grid voltage harmonics, such as 5th, in PWM CSR system due
to the LC filter) [2]. On the one hand, since the modulation index
(m,) is fixed in a fundamental cycle of SHE PWM pattern, the
m, — based active damping methods [2], [7]-[14] cannot be
applied based on the SHE scheme. On the other hand, the con-
straint of quarter-wave symmetry in SHE scheme confines all
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the harmonics in PWM pattern to be either in phase or antiphase
with the fundamental [15]-[17], which means that the phase of
each harmonic is uncontrollable. To enable the active compen-
sation capability of the SHE-modulated PWM converters, Zhou
et al. [18] proposed a selective harmonics compensation (SHC)
PWM scheme by relaxing the quarter-wave symmetry in SHE
scheme so that both the magnitude and the phase angle of each
order harmonic in PWM pattern can be controlled. In the SHC
scheme, different sets of switching angles are off-line calculated
to generate the different magnitude and phase angle of certain
harmonics in PWM pattern. The sets of switching angles are
saved in a lookup table and selected according to the expected
harmonics in PWM pattern during the online implementation.
Based on the SHC scheme, Zhou et al. [18] and Ni ef al. [19]
realized the active attenuation of line current harmonics caused
by the grid voltage harmonics in high-power PWM CSR system.
Although the SHC scheme can enable the active compensation
capability of the high-power converters, it has some drawbacks
in applications. At first, a considerable off-line calculation is
needed to create the lookup table and a compromise has to
be made between the resolution and the size of the table. In
addition, a multidimensional table will be required to actively
compensate more than one harmonic that challenges both the
calculation and the storage. Moreover, since the switching an-
gles can only be updated once in a fundamental cycle during
the online implementation, up to one fundamental delay will be
introduced which may affect the compensation performance.

To overcome the aforementioned drawbacks, an improved
SHE scheme with online harmonic compensation is proposed in
this paper. This method actively produces the expected harmon-
ics in SHE PWM pattern through introducing a compensation
signal in SHE phase angle, and such a compensation signal can
be obtained by a simple algebraic calculation. It not only saves
the effort on creating the lookup table but also realizes the real-
time active compensation of high-power converters. In this pa-
per, an implementation example of the improved-SHE-scheme-
based active compensation to attenuate line current harmonics
in high-power PWM CSR system is provided, and experimental
results verify its effectiveness.

II. BASIC PRINCIPLE OF IMPROVED SHE SCHEME WITH
ONLINE HARMONIC COMPENSATION

Define the phase angle of SHE pattern as 6. At steady state,
0 will repeatedly increase from O to 27 at system fundamental
frequency w, which can be represented by 0 = wt + ¢ (¢ is the
initial phase). For example, in the PWM CSR system shown in
Fig. 2, 6 is equal to 0, (0rcc = wyriat—a), which varies from
0 to 27 repeatedly with 60 Hz grid fundamental frequency at
steady state.

Then, the Ath harmonic in SHE pattern fS“u » can be repre-
sented as (defined in sine system)

Swn = —sthej(ll(’*SD,e/m)
= My MOTe) (=1, 25,7, ~11,13,..)
ey
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where M), and ¢, are the magnitude and the initial phase
of the ith harmonic, respectively. In (1), the positive & repre-
sents the positive sequence and the negative h represents the
negative sequence. When £ is negative, My, =-M,(_;) and
Psh = —Ps(~h)-

Introducing an we., ,-frequency alternating signal 0o,y =
M.ompsin(weompt + Pcomp) into 0, the SHE phase angle can
be represented as

9/ =0 + ecamp = (wt + <P) + Mcomp Sin(w(:o’m,pt + L)Ounnp)
2
where M,y and @com p are the magnitude and the initial phase
of Ocomp, respectively. Then, the hth harmonic in SHE pattern

Swhn shown in (1) is rewritten as

. SHE, _ '
S — _jMSheJ(h(wt+99+1\1mm,p $in(Weompt+@eomp))+@sn)

| 3)
Taking Jacobi—Anger extension of (3) [20], we can obtain
that
. SHE,
S =

w

_jJO (hMcomp) My, ej(}l'(Wt+9j)+9°s)l )

7] Z Jk (hMr:nmp)

k=1

x M), ej((hw+kwr'()711 p)tHho+0sn +kOcomp)

: : k
—J Z (_1) Jk (hMcom,p)
k=1
X M@h ej((hW*kW(-nm pIt+ho+0sh —k©comp) (4)

where Jj (+) is the Bessel function. Comparing (4) with (1), we
can observe that, after introducing 6., , the sideband harmon-
ics are produced at each w.,,, interval around the original hth
harmonic in PWM pattern. For each sideband component, its
magnitude (|J; (RMeomp)Msn]), frequency (|hw £ kweompl),
and initial phase (hy + @sn = E@comp) are the independent
function of the magnitude (M., ,), frequency (weom)p), and
initial phase (@comp) Of Ocomp, respectively. It means that the
sideband harmonics can be controlled by 6., which provides
a possibility to produce the expected harmonics in PWM pat-

tern based on the SHE scheme to realize the active harmonic
- _ SHE,
compensation. The diagram of S5, and S,

as Fig. 3.

According to the earlier analysis, the basic operation principle
of the proposed method is to produce the expected harmonics
in PWM pattern by changing the predefined SHE pattern online
through the jittering of its phase angle, which can be illustrated
as shown in Fig. 4. In Fig. 4, 0,1, 0swo, Osws, ..., are the
predesigned switching angles in SHE pattern, and by comparing
0 with 6,,, the SHE PWM pattern is generated as shown in the
left plot of Fig. 4. For the improved SHE scheme with online
harmonic compensation as shown in the right plot of Fig. 4, an
alternating signal 0.,,,, is introduced into # that forms a new
SHE phase angle #'. By comparing the jittering 6" with 6,,,
the SHE pattern is altered online so as to produce the expected
harmonics in PWM pattern.

can be sketched
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III. SHC-SCHEME-BASED ACTIVE COMPENSATION IN
HIGH-POWER PWM CSR SYSTEMS

In order to illustrate the advantages of the proposed improved
SHE scheme over the previous SHC scheme, an example of
the SHC scheme adopted to actively attenuate the line current
harmonics in high-power PWM CSR systems is provided in this
section, and a detailed discussion of its drawbacks is presented.
Then in the next section, the proposed improved SHE scheme
with online harmonic compensation will be implemented under
the same situation of the system.

Based on the SHC scheme, Zhou et al. [18] and Ni et al.
[19] realized the active attenuation of the negative-sequence Sth
line current harmonic caused by the utility harmonics in PWM
CSR system. Fig. 5 shows the diagram of attenuation method
presented in [19]. Through multiplying the measured negative-

sequence 5th line current harmonic (AIS<,5)) by a designed coef-

ficient K, the reference of 5th PWM current harmonic (}u,<75) )
is generated by a grid-side virtual impedance strategy and then
sent to the SHC PWM scheme. In the SHC scheme, dividing

1 w(-5) by the dc-link current reference I;._,. s, the magnitude
reference M5 and phase reference ¢ 5 of Sth harmonic in PWM

pattern S,,(_5 are obtained and input into a two-dimensional
lookup table thereafter. The sets of switching angles saved in
the lookup table are off-line calculated with respect to the dif-
ferent magnitude and phase reference of 5th harmonic in PWM
pattern. In online implementation, according to M. and ¢},
the lookup table indexes the corresponding switching angles
once every fundamental cycle to generate the Sth PWM current

harmonic /,,(_5) through the PWM CSR.

As described previously, at first, a considerable off-line cal-
culation of trigonometric equation sets is required to create
the lookup table and a tradeoff between the resolution and the
size has to be made. In addition, according to Fig. 5, a four-
dimensional lookup table will be required to actively attenu-
ate two line current harmonics (such as 5th and 7th) which
challenges both the calculation and the storage during the im-
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plementation. For the calculation, not only the amount and com-
plexity of nonlinear equations will be greatly increased, but also
the solution becomes harder to be obtained. For the storage, if
the lookup table used in [18] and [19] is extended to four dimen-
sions with the same resolution, around 230 MB memory space
will be needed which greatly challenges the real implementa-
tion. Moreover, since the switching angles can only be updated
once in a fundamental cycle, the magnitude and phase angle of
the produced 5th harmonic in PWM pattern will be fixed within
one fundamental cycle. As a result, in the worst case, one fun-
damental delay may be caused in the attenuation of line current
harmonics which will affect the compensation performance.

IV. AcCTIVE COMPENSATION BASED ON IMPROVED SHE
SCHEME IN HIGH-POWER PWM CSR SYSTEMS

As discussed in previous section, to attenuate the Sth line
current harmonic, Zhou et al [18] and Ni et al. [19] utilized
the SHC scheme to generate the 5th PWM current harmonic

j'u,(_5) according to the reference }11/'(*5)' To overcome the
aforementioned disadvantages of SHC scheme, the proposed

improved SHE scheme with online harmonic compensation can

be adopted to produce I,,(_5) according to I, _s).

If we neglect the influence of harmonics in SHE pattern but
only consider the fundamental component, according to (1)
(h=1, My =1, ps; = 0), we can obtain (5) with respect to
the PWM CSR system (0 = 0,... = wy,iat — c as discussed in
Section IT)

Sy = —jel o), )
Then, according to (4), (6) can be obtained after introducing
0(3077?,])
_ SHE, )
Sw = _jJO (Mcomp)e](ww'”_a’)

7‘7‘ Z Jk (Mcomp)
k=1

el (Wgria Thweomp)t—at+kpeomp)

_j Z (_1)k Jk’ (Mcom,p)
k=1

Xej((wgrld7kwnam17)t70‘7k99m7mp). (6)

When M,.,,,,, is small, based on the Bessel function properties
shown in Figs. 6-8, (7)—(9) can be obtained

JO (Mcomp) ~ 1 (7)
1

Jl (Mcomp) ~ iMcomp (8)

Jk (Mcomp) ~ O(k Z 2) (9)
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Fig. 4. Illustration of the basic operation principle of the improved SHE scheme with online harmonic compensation.
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It can be observed that (10) contains three components, which _SHE,
. _ i oJ(Wyridat—
are the fundamental component, the left nearest, and the right S, = —jellwriat=a)
nearest sideband harmonic introduced by 6.,,,,, respectively. _ SHE, )
. L= _|_le e J(Bwyriat+tat@eomp)
By selecting wo,, = 6wyriq, such three components can be w(—5) 2 Mcomp
_SHE; _SHE, _ SHE, ) _ SHE, )
represented as S,,; , S, (_5), and S,,; , respectively, shown Spr = —j%Mcompej(ndgr‘zdf/*()fF({)com p).
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. SHE ok
by (12). Then, to realize Sw(,;> = Sw(,g,), (13) is derived.
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Idc,ref
Mcump = 2M:5
i (13)
Peomp — Pg5 — QO

By using the grid-side virtual impedance strategy shown in
Fig. 5, the diagram of the 5th line current harmonic attenua-
tion based on the improved SHE scheme with online harmonic
compensation can be drawn as shown in Fig. 9.

With respect to the active compensation based on the im-
proved SHE scheme, the following features are offered:

1) Real-time active compensation: As shown in Fig. 9, to

generate [, (_5) through the improved SHE scheme, only
a simple algebraic calculation as shown in (13) is needed.
Not only will it save the effort on creating the SHC lookup
table, but also the real-time active compensation based on
the SHE scheme is realized without introducing any delay
due to the update of switching angles in SHC scheme.
Furthermore, if it is combined with the SHC scheme to
attenuate two line current harmonics (e.g., the proposed
method is used to attenuate the 5th line current harmonic;
the SHC scheme is used to attenuate the 7th line current
harmonic), only a two-dimensional lookup table will be
needed instead of the four-dimensional table when only
adopting the SHC scheme as mentioned previously.

2) No influence on dc-link current control: ASccording to (5)

_SHE

and (11), the fundamental component S, ; " in (11) is
the same as S,,; in (5), which means that 0.,,,, will
not change the fundamental component in PWM pat-
tern. Since the dc-link current control is only related to
the fundamental component in PWM pattern at steady
state, the improved-SHE-scheme-based active compensa-
tion will not affect the dc-link current control in PWM
CSR system.

3) No increase on pulse numbers of PWM waveforms: Since
the delay angle o is constant at steady state, the SHE phase
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angle 0,.. will be an increasing function from 0 to 27 as
discussed in Section II. For the new SHE phase angle ¢’,....
after introducing 6., ,, according to (2), we can obtain
(14), and it will be greater than zero (increasing function)
if Mcomp < Wg?‘i,d/w(zmn,p

de’

rec

T = ng'id+wcompMnomp Cos(w(tmn,pt + Qanomp)-

(14)

Based on (14), if we could confine M,,,,, < 1/6 during the

attenuation of the 5th line current harmonic (Weomp = 6Wgrid),

the jittering of SHE phase angle after introducing 0., will not

affect its increasing function properties. As aresult, the proposed

improved SHE scheme will not increase the pulse numbers of
PWM waveforms.

Regarding the attenuation of the 5th line current harmonic

developed in this section, one possible complication is that the
. SHE,
parasitic 7th harmonic S,
_ SHE;
besides .5, (_5) used in compensation as can be seen from (11).

Such 7th harmonic may distort the 7th line current harmonic.
However, with a small 0,,,,,, its influence on 7th line current
harmonic is insignificant, especially considering the attenua-
tion effect of the grid-side LC circuit. This is verified in the
experimental results.

is also produced in PWM pattern

V. INFLUENCE OF HARMONICS IN SHE PATTERN ON THE
IMPROVED-SHE-SCHEME-BASED ACTIVE COMPENSATION

In Section IV, the improved-SHE-scheme-based active com-
pensation is derived without considering the harmonics in SHE
pattern. However, according to (4), the harmonics in SHE pat-
tern will also generate the sideband harmonics after introducing
the compensation signal 6., , in SHE phase angle. It may affect
the dc-link current control, or degrade the compensation of line
current harmonics, or increase the other line current harmon-
ics. At first, to attenuate the 5th line current harmonic (Weomp
= 6wy,iq), the right nearest sideband component of negative-
sequence Sth harmonic in SHE pattern, the left nearest sideband
component of positive-sequence 7th harmonic in SHE pattern,
and etc., are all at the fundamental frequency according to Fig. 3,
which may affect the dc-link current control after introducing
Ocomp- In addition, the right nearest sideband component of
negative-sequence 11th harmonic in SHE pattern, the second
right nearest sideband component of negative-sequence 17th
harmonic in SHE pattern, etc., are all at the negative-sequence
5th order, which may degrade the performance of 5th line cur-
rent harmonic attenuation. Moreover, the sideband components
of harmonics in SHE pattern at other low orders, such as 7th and
11th, may increase the corresponding line current harmonics. To
reduce the aforementioned influence of the sideband harmonics
produced by the SHE harmonics and 6., ,, besides the adop-
tion of small M., , as discussed previously, the design of SHE
pattern is needed to be analyzed. Table I shows the influence
of the harmonics in SHE pattern on the PWM pattern after
introducing 0.,,,,. In Table I, the row represents the Ath har-
monic in SHE pattern; the column represents the kth harmonic in
PWM pattern after introducing 6., ; the table contents are the
magnitude of the kth harmonic in PWM pattern generated by
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TABLE I
INFLUENCE OF THE HARMONICS IN SHE PATTERN ON THE PWM PATTERN AFTER INTRODUCING ¢y, p

_ SHE,
Magnitude (| S, 1. 1 ) PWM Pattern After Introducing 0, , (k)
1st 5th 7th 11th
SHE Pattern (h) Sth J1(5Meomp)Mss Jo(5Mcom p)Mss J2(5Mcom p)Mss JL(5Mcomp)Mss
7th Ji(TMeomp) M7 T2 (TMcomp)Msz Jo(TMeomp)Msz
1th  Jy (11 Megmp)Ms11 J (LM comp ) Ms11 Jo (1M eomp)Mg11
13th  J2(13Meomp )M Ji(18Meomp)Ms1s
17th JZ(IYA'[(¢OTYI 1))]\1517 JI (171\’[(‘0771 p)]wslT
19th Jo(19M com p ) Mg
My, y
0.3M,, < SHE; —_— - | QSHE
. i o —>|SW| | 0.8M, < | w7
& SHE 5 g SHE s
5'; 0.2M,, //*|SW| <-v| EE 0.6M, /I |SW7 |
2 . P\ A 04 S|
0.1M,, . -~ :,E 0.2M,, el /1 g5
5 // 1St 0 — A
0 == 0 0.02 0.04 0.06 0.08 0.1
0 0.02 0.04 0.06 0.08 0.1 M omp
comp
. SHE,
_ SHE,, Fig. 12. Swr versus Meom p-
Fig. 10. Sw1 versus Meom p -
M, Mg, \\ | S SHE .11, |
~ SHE 5, L W [Ow(-11)
0.8M,, ™ Swes) | — 08Ma <
§@ 0.6M,, IS, SHE"“’| g: 0.6My = S SHE 17
3z o A7 1P A 0.4m,, — A
‘i o / > Isj”({g)ml 0.2M,, | SHE 5
0.2My, g SHE: L — |S w(-1 1)|
. _— L Sues)| 0 —
0 0.02 0.04 0.06 0.08 0.1 0 0.02 0'041” 0.06 0.08 0.1
Meomp comr
. SHE,
. SHE, . )
Fig. 11. Sw(,5) versus Meom p- Fig. 13. Sw(*ll) versus Meom p-

the ith harmonic in SHE pattern after introducing 6., which
_ SHE,,
is represented by ‘S wh ‘ The high-order harmonics (>11th)

in PWM pattern after introducing 6., are not considered as
they have less influence on line current harmonics due to the LC
filter, and only the left two nearest and right two nearest side-

band components of the harmonics in SHE pattern are taken
_SHEy | |.SHE, | | .SHE,

into account. According to Table L, |51 ||, (—5)[s|Sw7

_SHE,
and Sw(fn) versus M, are drawn as shown in. According

to Figs. 10-13, to reduce the influence of harmonics in SHE
pattern as mentioned earlier, the SHE pattern is expected to be
designed as:

1) Fully eliminate 5th and 7th harmonics.

2) Greatly mitigate 11th and 13th harmonics.

3) Reduce 17th and 19th harmonics as much as possible.

It can be observed that the listed design criteria of SHE pat-
tern are similar as the traditional SHE scheme which is aiming
to fully eliminate the low-order harmonics. The experimental
results demonstrate that the proposed method can actively at-

TABLE II
PARAMETERS OF EXPERIMENTAL SYSTEM

Parameters Values
Rated power 10 kVA
Rated voltage (line to line) 208 V
Grid-side line inductance 1.67 mH (0.15 p.u.)
Grid-side filter capacitance 240 pF (0.40 p.u.)
DC-link choke 10 mH (0.58pu)

DC-link resistance load 5.76 Q (0.89 p.u.)

tenuate the 5th line current harmonic based on the traditional
SHE scheme.

VI. EXPERIMENTAL RESULTS

To verify the effectiveness of the improved-SHE-scheme-
based active compensation method on the 5th line current har-
monic attenuation as shown in Fig. 9, plenty of experiments
have been carried out on a 10 kVA/208 V/60 Hz PWM CSR
prototype with the parameters listed in Table II.
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A. Eleven-Pulse SHE-Based Compensation

Following the design criteria discussed in Section V, an 11-
pulse SHE pattern is designed by using optimization method
[16], [21] (weighing coefficient on each order harmonic is se-
lected according to the design criteria in Section V). The har-
monic content of the 11-pulse SHE pattern is shown in Fig. 14.
The steady-state and dynamic compensation performance of the
proposed method based on the 11-pulse SHE pattern are tested
as follows.

To test the steady-state compensation performance, the grid
voltage is programmed to contain 1% S5th harmonic at first.
Fig. 15 shows the experimental results before and after using
the proposed method. It can be observed that the 5th line current
is greatly reduced and there is no significant increase on the other
order line current harmonics. To further verify its effectiveness,
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Fig. 16. Current waveforms before and after using the proposed method under

different 5th (1%) and 7th (1%) grid voltage harmonics’ initial phases (11-pulse
SHE-based compensation).

the grid voltage is programmed to contain 1% 5Sth and 1% 7th
harmonics. Fig. 16 shows the current waveforms under four
different sets of the 5th grid voltage harmonic’s initial phase
(ys5) and the 7th grid voltage harmonic’s initial phase (¢, 7).
It can be observed that, after using the proposed compensation
method, the distortion of line current are highly reduced. Fig. 17
shows the FFT analysis of line current in Fig. 16. We can observe
that the 5th line current harmonic can be well attenuated under
all conditions and no significant increase is introduced on the
other line current harmonics.

To test the dynamic performance, two experiments are car-
ried out. Fig. 18 shows the transient of applying the proposed
method. Fig. 19 shows the transient of 1% step change of
the 5th grid voltage harmonic under the adoption of the pro-
posed method. It can be observed from the three figures that the
dynamics of the proposed method is fast and the dc-link current
control is not affected.
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B. Nine-Pulse SHE-Based Compensation

In the previously mentioned tests, the proposed compensa-

tion method is based on a 11-pulse SHE pattern. The pulse
numbers of SHE PWM pattern can be further reduced from
11 pulses to 9 pulses with harmonic content shown in Fig. 20.
The 9-pulse SHE pattern is designed by the traditional SHE de-
sign scheme, fully elimination of certain low-order harmonics

Fig. 19.
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as mentioned in Section V. In this situation, the Sth, 7th, 11th,
and 17th harmonics are fully eliminated (note that the four low-
est order harmonics, 5th, 7th, 11th, and 13th, cannot be fully
eliminated simultaneously in theory). Comparing Fig. 20 with
Fig. 14, we can observe that the 13th, 19th, 23rd, and 25th har-
monics of the 9-pulse SHE pattern are higher than the previous
11-pulse SHE pattern. However, the following experimental re-
sults show that their influence on compensation performance is
ignorable.

The same tests of steady-state compensation performance
are conducted with the proposed compensation method based
on the 9-pulse SHE pattern. Fig. 21 is obtained under 1% 5th
grid voltage harmonic. Figs. 22 and 23 are obtained under 1%
5th and 1% 7th grid voltage harmonics, and four different sets
of their initial phase. Compared with the experimental results
of compensation based on 11-pulse SHE pattern, the proposed
compensation method based on 9-pulse SHE pattern shows a
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good performance as well. It proves that the proposed method
can be well combined with the traditional SHE scheme.

VII. CONCLUSION

An improved SHE scheme with online harmonic compensa-
tion is presented in this paper to enable the active compensation
capability of the high-power PWM converters. The proposed
method actively produces the expected harmonics in PWM pat-
tern through introducing an alternating signal in the SHE phase
angle. Such alternating signal can be obtained by a simple al-
gebraic calculation according to the expected PWM harmonics,
and it alters the predefined SHE pattern in real time to produce
the corresponding harmonics through the converter. Compared
to the SHC scheme based active compensation, the proposed
improved SHE scheme not only saves the effort on the cre-
ation of lookup table, but also realizes the real-time compen-
sation without any delay introduced. In this paper, an imple-
mentation example of the improved-SHE-scheme-based active
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compensation to actively attenuate the 5th line current harmonic
in high-power PWM CSR system is provided, and the exper-
imental results have verified the effectiveness of the proposed
method. Although the PWM CSR system is used as an exam-
ple, according to the earlier analysis, the proposed method that
improves the traditional SHE PWM scheme through jittering its
phase angle has a great potential to be used in both the high-
power current-source converters and voltage-source converters
for more flexible control of the converter’s output harmonic
pattern. It is also important to note that this real-time online
harmonic compensation can realize the grid harmonic control
using the grid interfacing high-power converters with a very
low switching frequency. This can be a very important ancil-
lary functions in future grid interfacing high-power converter
systems, such as PV plant, wind farm, STATCOM, HVDC, etc.
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