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Abstract—Modern telecommunication power supply systems proliferation of rectifier loads deteriorates the quality of voltage
have several parallel-connected switch-mode rectifiers to provide and current waveforms. Further, harmonic currents can lead to
—48 Vdc. A typical switch-mode rectifier configuration includes equipment overheating, malfunction of solid-state equipment
a three-phase diode rectifier followed by a dc—dc converter. Such . ) S !
a system draws significant harmonic currents for the utility, and interference with communication syst_ems [1]_[,3]' IEEE
resulting in poor input power factor and high total harmonic 519 and IEC EN 61000-3 standards specify regulations gov-
distortion. In this paper, a three-phase active harmonic rectifier erning harmonic compliance [4], [5]. The passive filter has been
(AHR) scheme is proposed. In the AHR scheme, a diode rectifier g viable approach because of low cost and high efficiency [6],
module is replaced by a six-insulated-gate-bipolar-transistor [7]. However, the performance of the passive scheme has a lim-
pulsewidth-modulation rectifier to supply load harmonics as . . . ' . L . .
well as its own active power. Each dc—dc converter module is itation S|_nce the addition of the passive filter |n.terfaces with the
connected to a shared 48-V dc link. The AHR module together System impedance and causes resonance with other networks.
with parallel-connected switch-mode rectifiers is controlled to Numerous active solutions which are becoming a more effec-
achieve clean input power characteristics. The VA ratings of the tive means to meet the harmonic standards by overcoming the
AHR scheme is compared with an active power filter approach. drawback of the passive filter have been proposed [8]-[11].

The control design is based on the synchronous reference frame . . . .
approach. Analysis, simulation, and experimental results show Active power filters (APFs) employing a pulsewidth-modu-

that the AHR offers several advantages such as lower VA rating, !ation (PWM) voltage-source inverter seem to be the most pre-
better current control response, efficient use of the AHR dc link, ferred scheme for canceling load harmonics. However, the gen-

small size, and stable dc-link voltage control. eral voltage-source inverter topology employs a relatively large
Index Terms—Active harmonic rectifier (AHR), active power ~dc-link capacitor to serve as a constant dc voltage source. There-
filter (APF), telecom rectifier, total harmonic distortion (THD). fore, this scheme suffers from a bulky electrolytic capacitor,

higher switching losses, and its associated dc-link voltage con-
trol issues due to reduced damping.

In this paper, a three-phase active harmonic rectifier
ODERN telecommunication power systems require sejAHR) scheme based on space-vector PWM (SVPWM) is
eral three-phase rectifiers in parallel to obtain higher dsroposed. The AHR module together with parallel-connected

power with—48 Vdc. Such a rectifier normally employs diodeswitch-mode rectifiers [Fig. 2(a)] is controlled to achieve clean
or silicon-controlled rectifiers (SCR) to interface with the elednput power characteristics. The AHR is compared with the
tric utility due to economic reasons. The rectifier-type utilityAPF based on the analysis of VA power rating. The control
interface causes significant harmonic currents, resulting in payistem is designed on the synchronalisreference frame
input power factor and high total harmonic distortion (THD)where a low-pass filter to cancel harmonics offers better
which contributes to an inefficient use of electric energy. Theerformance than the stationary reference frame. The converter
above-mentioned rectifier is referred to as a nonlinear load. Thfills harmonic cancellation as well as powering active power
to its own load by PWM rectification [12], [13]. Therefore,
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Il. TELECOM POWER SYSTEM | Recher IV L
Modern telecommunication systems require a higher dc UtiTiw AMwi, L 48v.200 |1 |
power. An example system requirement consists-48 Vdc 1 o
and 800 A (38.4 kw) [14]. All of the equipment runs on dc ig | APF |
e . 1
voltage generated by ac-fed redundant rectifiers of which the < 1| 15.9kVA —
purpose is to supply power to the equipment. Fig. 1(a) shows a ie i :1//
distributed rectifier system where a three-phase utility power : ittt
is transferred into 48 Vdt.The telecom rectifiers consist of (b)

a rectifier stage, a dc-to-dc converter, and a battery backeig. 2. Example telecom power system as a plug-in rack-mountable module.
system. The major portion of the load is the logic circuitry ji®@) Rectifier system with AHRP, = 38.4 kW). (b) Rectifier system with APF
board-mounted power (BMP) converter units used to convéfe = 384 KW).
48 Vto 5V andt12 V. The purpose of the dc—dc converter is to
transfer high dc-link voltage to lower voltage 48 V and provide
isolation. Each paralleled dc—dc converter module require$,&jve power and harmonic currents while the APF generates
current-sharing mechanism to ensure even current distributigfhq harmonics and optional reactive power.
A battery backup system on the 48-V dc bus is required to
support the critical loads in case of utility failure. The basic
topology of the telecom rectifier is shown in Fig. 1(b). The
boost stage is used only to regulate dc-link voltage for a wideFig. 3 shows the basic harmonic cancellation techniques
input voltage range. Since the power supply employs diode réing AHR [Fig. 3(a)] and APF [Fig. 3(b)]. The proposed
tifiers because of economic reasons, the high-power rectifiékslR scheme consists of rectifier nonlinear loads, three-leg
result in more serious problems related to harmonic current8/VM rectifier, paralleled dc—dc converters, and battery backup
Such a typical rectifier may have more than 30% THD of inpigystem. Since rectifier load produces harmonic currents such
current. Fig. 2 shows an example of a telecommunication powas the 5th, 7th, etc., a PWM rectifier with active harmonic
system. An AHR [Fig. 2(a)] or APF [Fig. 2(b)] is embeddediltering capability, called the AHR, compensates for load
in a rectifier slot and is rack mountable so that the THD iRarmonics as well as supplying active power to its own load.
the utility current can be improved by eliminating harmonidhe AHR carries a fundamental current for active power and
contents. The AHR with harmonic filtering function supplie®iarmonics for the nonlinear loads to make the input current
sinusoidal. Fig. 4 shows the current waveforms for the rectifier
input, AHR, and utility currents. The reactive power of the load

1IGALAXY Switchmode Rectifier 595 Series, Tyco Electronics, Harrisburga|so can be optionally Compensated to improve power factor
PA, 2001. ’

I1l. PROPOSEDAHR SCHEME
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compensation. Assuming no reactive power compensation
(b) [Fig. 5(a)], the steady-state utility current can be obtained by
Fig. 3. Active harmonic filtering techniques in telecom distributed system. 2
(a) AHR. (b) APF. i = \/(N —1)%%, 1+ (irk + (N = 1)iz1,R)

—iz1\/(1 — 2N)sin’p + N2 @)

whereN is the number of dc—dc modules aiy} denotes the
fundamental load current of each rectifier moduteand! de-
note real and imaginary parts, respectively. = iy cosp since
11 1S synchronized with the utility voltage.

Displacement power factor angjeafter compensation is

160.00

¢ =tan~! <NN 1tan<p> < . 3)

The input displacement power factor is derived without reactive
power compensation

0.00H

-100.00
Ncos
cosé = L . 4)
20000 . \/(1 — 2N)sin?p + N2
'50000 50333 50667  510.00 51333 51667 520,00

On the other hand, the fundamental utility current depends on
the displacement power angpewith reactive power compensa-

Fig. 4. Current waveforms for the proposed AHR scheme. tion. Input current is similarly calculated as

is=tip1,r+ (N —1)ipir = N -igq - cosp %)

Time {ms})

whereipi r = iricosp andipy, ;1 = irising. The angle be-
To control the active harmonic rectifier, bidirectional powefween the input voltage and the AHR current is

flows are required for 5th and 7th harmonic currents. The input 1 tFLI -1
. . 1 =tan — | = tan™ " (tanyp)
source current is defined as 1F1,R
Y =0 (6)

@) The rms harmonic currents of the AHR and APF are relatively
given as

is = Niy — ip

whereig, Nig, andir denote utility, load, and APF currents, ‘ ‘
respectively. Fig. 5 shows the fundamental 60-Hz current and iFhar = (N = 1) “4L har (7)
voltage vectors for the AHR with and without reactive power iFhar =N 9L har- (8)
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(b)

The harmonic current of the AHR iV — 1)/N times the
APF harmonic currents. The VA ratings of the proposed AHR
with and without reactive power compensation are, respec-

(©

= 38.4 kW). (a) THD: variable. (b) N: variable. (€}osy: variable.

DC Voltage

Control Bc

tively,where the subscrigf . denotes a nonlinear load. In the .La DQ Trans. 1Lds X Ldh ig:l @
case ILb abc
i o if, ifq +x if e
VA (N =1)2 (sin2<p + THDIZ\TL) + cos2p —Le,  deqe ® LPFq > Lah lic:qsh
AR 1+ THDZ, @
VAy,  (with) ©) DC Voltage
VAunm = \/COS2(,0 + (N —1)2THD%;, Control B¢
1+ THD%,, i
-VAnr, (without) 10) A Do Trans.
b abc
ing is qi P t e
of the APF, the VA rating is given by e de—oqe i 45 i%tlsh
THD?, +sin%p
VAspr = | — 2L " 7. N .VAnL. 11 b
APF \/ 1 THDZ, NL (11) (b)
DC Voltage
If the reactive power is not compensated= 0. Fig. 6 shows Control BC
the VA rating comparison between the APF and AHR without |
reactive power compensation assuming TH3B5%, N = 4, iLa if 4 + o
andcosp = 0.94. The VA rating of the AHR is smaller than iy | D@ Jrans. 'Fdsh
that of the APF if THD is greater than 35%, is greater than 4, —1‘—’ to e
and displacement power factor is less than 0.92. Similarly, the Loyl dege & i%’;sh

VA rating of the AHR is shown in Fig. 7 when reactive power
is compensated.

(©

Fig. 8. Harmonic reference current generators. (a) Without reactive power
compensation. (b) With reactive power compensation. (c) Simple block diagram
IV.' CONTROL SYSTEM for reactive power compensation.

To control the proposed AHR, a harmonic reference current
generator is required. Fig. 8 shows several techniques to géame (SRF). A low-pass filter can eliminate all harmonic cur-

erate harmonic reference currents on the synchronous referemergs except dc component since the harmonic frequency is far
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TABLE | Final expected utility current can be estimated via an invégse
dq TRANSFORMATION FORSEVERAL COMPONENTS transformation after compensating for the harmonics

Input (11 apes ) Output (11 d4gns) e = T1(6) iLdl i 12)
abcs — Lql - 1
Fundamental with power angle 0
] cos@
sin(t=¢) L} -sino where transformation matrix is given as
1| sin(ot—9—-2m/3) 0
sin(ot—@+2n/3) sinf  sin (9 — %W) sin (9 + %W)
T(6) = 3 costl cos (0 — 2m) cos(O+27)|. (13)
Negative Sequence —cos(6hot ) % % %
j h-1)ot . . .
. sin{(6h~1)ot} Isp| sin(6hot) The input current vector is the same as that of the load funda-
Igp| sin{(6h—1)(0t —2n/3)} 0

mental current,,;. Harmonic reference currents,, ., are ob-

| sin{(6h—1)(ot +21/3)} ] tained from the even harmonics as

Positive Sequence cos(6hot ) i%*dqsh _ |:LFdsh:| _ {Lth Bc:| (14)
sin{(6h+1)ot} Tgpu| sin(6hort) UFqsh ' iLgh
Tgpaa| sinf(6h+1)(ot -21/3)} 0 e [{th] _ ['{ids L.Ld1:| (15)
| sin{(6h+1)(0t +21/3)} o Likan Lqs ~ "Lq1
Zero Sequence whereis ,; , denotes the even harmonics afd is obtained
_ 6(}1 3 7 0 from dc-bus voltage control. The AHR current due to the dc-link
Sf”( —3)ot 3‘:3 0 voltage control is expressed as
Igp-| sin(6h =3 Jot 2 | sin(6h-3)ot 5
sin(6h -3 )ot c
iFabcs = _Til(a) 0 . (16)
*h=1,2,3... 0

Thus, dc-bus voltage control factors can be simply added into

enough from the dc component on the frequency domain. Thalfi§ reference currents since dc-bus voltage depends on the fun-
the reason why the low-pass filter provides better performandamental AHR current, the magnitude of which is controllable.

on the SRE. Fig. 9 shows the current waveforms on the SRF based upon the
load currents. The harmonic reference curréatg,, contain
A. Without Reactive Power Compensation 6h harmonics mainly having 6th harmonic component.

In steady state, the harmonic reference currents contain ogly
load harmonic components such as the 5th, 7th, etc., assuming
that reactive power is not compensated [Fig. 8(a)]. Reactlveon the other hand, the power factor angle between utility
power is optionally compensated since the power rating of awltage and rectifier load current is calculated from Fig. 10
tive power filter is increased by adding fundamental current i
for reactive power compensatiody transformation results are @ =tan™! < qu) . a7
tabulated in Table | for fundamental current, negative/positive “Lay
sequences of harmonics, and zero sequence. Three-phaseToeatompensate for the reactive power as well as the load har-
anced currents are transferred inid @mponent with a certain monics, the expected utility current is
dc quantity and & component with zero. Negative-sequence .
harmonic (6h-1) components include 5th, 11th, 17th, etc., while . 1 'La1
the positive-sequence harmonics (6h+1) are 7th, 13th, 19th, etc. lapes =T2(0) | 0 (18)
dq transformations of negative and positive sequences result in
6h harmonics (6th, 12th, etc.). Zero sequences (6h-3) such as the iLd1 = L1C0SQ. (19)
3rd, 9th, 15th, etc., are transformed into their own componentg . must become a fundamental AHR curreiatis synchro-
Itis noted that 5th and 7th harmonics cause a 6th harmonic Corﬁﬁqed with the utility vol

y voltage so that the unity power factor can
ponent while 11th and 13th harmonics generate 12th harmoBé: achieved. Therefore: _ becomes;-axis AHR reference
current on the SRF. Therefore, even harmonics of the SRF a Lgs
affected on the harmonic reference currents. Harmonic ref&PrrentZF -» Which has dC and even harmonics
ence currents can be obtained by using low-pass filters (LPFd,
LPFq) which eliminate the even harmonics except dc compo-
nent. The cutoff frequency of the low-pass filter is set to frorwhile d componenthQh is calculated from (14). The dc com-
1to 50 Hz. Higher cutoff frequency allows fast control responsponentis , in i7 . represents phase ange Fig. 8(b) shows
but results in distorted utility currents. On the SRF, dc quantitihe block diagram of harmonic reference current generator to
i7.441, FEpresents the fundamental current of the phase curresimpensate for reactive power as well as load harmonics. The

With Reactive Power Compensation

LFQO LLq< (20)



KIM et al: THREE-PHASE AHR TO IMPROVE UTILITY INPUT CURRENT THD 1419

ILa Vas Isa

e
30.00

ool LA AN AR AAAAAAND

10.00-VVV
“LAMAMA
e VWUV VUV VUV VY

-20.00 L i;"‘l
@
8.00 (Fésh
6.00
4.00
2.00 "
0.00 A (b)
0.00 0.26 0.50 0.75 1.00 1.25 1.60
Frequeney () Fig. 11. Current waveforms in terms of reactive power compensation.
(b) (@) Without reactive power compensation. (b) With reactive power
n compensation.
8.00 22
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V. DESIGN EXAMPLE
A An AHR design is based on the telecommunication rectifier
g iy system shown in Fig. 2(a). The total rectifier VA ratifig Axy.)
is 48 kVA, total output power 38.4 kW, THD 35%, efficiency
90%, N = 4, andcosp = 0.94. The AHR design specifications
are as follows:
i€ =i input voltage: 208 V,
ILg1 =1 . '
P > input current: 38 A,
dc bus voltage: 380V,
rectifier current THD: 35%;
_ie input inductor:1 [mH] = 0.12 [pu];
Lql output capacitors.8 [mF] = 6.7 [pu];

V switching frequency: 16.4 kHz.
- The VA rating of the AHR from (9) and (10) is

Fig. 10. Current vectors with power angte

VAxgr =16 kKVA (WithOUt)

final fundamental current of the AHR is generated from the dc =19.TkVA  (with). (22)
quantityig, The VA rating of the APF from (11) is

0 VArpr =15.9 kVA (WithOUt)

iFabes =T7H(0) |15, =22.1kVA (with). (23)
0
_ cost VI. EXPERIMENTAL RESULTS
=sinp - Iy | cos (8 — 2m) (21)
cos (6 + 27) The proposed three-phase active harmonic rectifier system

is implemented on a fixed-point digital signal processor
wherei7 ; = sinp-ir1, and the current flowing out of the AHR (DSP), TMS320LF2407. A proportional-integral (PI) current
has a leading angle/2. Fig. 11 shows the current waveformscontroller regulates harmonic current on the synchronous
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Fig. 12. Experimental results. (a) AHR. (b) APF.

reference frame and SVPWM technique is employed for ti
voltage-source inverter. Fig. 12(a) shows the control perfc
mance of the proposed scheme from experimental rest
without reactive power compensation. The AHR compensat
for load harmonics and supplies active power. The AF
results are shown in Fig. 12(b). The AHR current contains

fundamental component and load harmonics while the AR

generates only load harmonic currents.

VII. CONCLUSION
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