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(57) ABSTRACT 

ApoWer redundant poWer system and a method for control 
ling the poWer system are presented, Wherein the poWer 
system is composed of at least one inverter for supplying AC 
poWer to a load through a bus, a phase lock system to 
synchronize all output voltages of the inverters and a current 
sharing circuit to properly distribute the load current among 
all inverters. Each inverter is controlled by an unbalanced 
poWer to limit the increase of its cross current. Moreover, the 

(21) Appl, No,: 10/677,833 information related to DC bus voltage is further applied to 
control the inverters, Whereby the cross current is mitigated 

(22) Filed: Oct. 2, 2003 and entire poWer system is operated steadily. 
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PARALLEL REDUNDANT POWER SYSTEM AND 
THE CONTROL METHOD FOR THE SAME 

BACKGROUND OF THE INVENTION 

[0001] 1. Field of the Invention 

[0002] The present invention is related to a parallel redun 
dant power system and the control method for the same, and 
more particularly to a poWer system that utiliZes an unbal 
anced poWer calculation and a cross current limitation 
technique to control the response of the inverter. 

[0003] 2. Description of Related Arts 

[0004] With the almost total dependence of modern soci 
eties on electricity for employment, living, communication 
and entertainment, any disruption to an electricity supply 
brings about a temporary halt to civiliZation as We knoW it. 
Especially in the present age Where a breathtaking variety of 
electronic products are Widely used, serious economic loss 
may possibly occur if a company loses critical data When the 
electricity supply is suddenly interrupted. 

[0005] To solve the above problem, the uninterruptible 
poWer supply (UPS) has been developed for providing a 
stable poWer supply. The most important objective of the 
UPS is to continuously supply stable poWer to the load even 
When the input line voltage experiences unusual and dam 
aging situations. Therefore, the reliability of the UPS is very 
important When the UPS is adopted as the protective poWer 
supply source. In the actual environment, the UPS may face 
many difficult problems, for example the ?uctuation of the 
input voltage, thunderstorm interference, the sudden change 
of the load (the load may even short), and the continuous 
operation for tWenty-four hours a day. For the common 
on-line UPS, the reliability may reach 99.9% While the 
manufacturing cost is in the acceptable range for the fabri 
cators. HoWever, if the manufacturer intends to improve the 
reliability to be higher, not only Will the circuit become more 
complex, but also the cost Will also be greatly increased. 
Therefore, under the premise that there should not be much 
increase in the cost, designers have utiliZed a single UPS to 
accomplish a redundant poWer supply system to improve the 
reliability, as disclosed in US. Pat. No. 5,257,180. It should 
be noted that the cited patent is directed to inverters, not to 
a UPS. 

[0006] There is no doubt that the reliability of these 
inverters Will be improved by implementation, hoWever, 
most of the control means for the poWer supply system is 
accomplished by hardWare, so the gain of the controllers is 
unable to be modi?ed and thus the transient (dynamic) 
response of the poWer supply system is difficult to handle. 
The analyses of the cross current and the parallel operation 
disclosed by the cited patent utiliZes a virtual vector, Wherein 
the virtual vector may even be further divided into tWo 
components (vectors). HoWever, the amplitude difference 
and the phase difference among the inverters caused by the 
difference of the inverter impedances is not of concern here. 
The method taught by the cited patent is so complex that a 
high reliability may not be obtained and the fabrication cost 
is increased to a non-commercially. 

[0007] Furthermore, if the inverter is used as an adaptive 
inverter for the UPS, the cited patent does not take into 
account the input DC voltage of the inverter from the bus, 
and the in?uence generated While the inverter is coupled to 
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any other module is also not considered either. Moreover, 
the synchroniZing signal of the patent is supplied from 
external circuits. Once the synchroniZe signal experiences 
failure, the entire poWer system Will breakdoWn. 

SUMMARY OF THE INVENTION 

[0008] The main objective of the present invention is to 
provide a parallel poWer system capable of controlling 
current sharing. When the poWer system experiences abnor 
mal situations such as the current surge, a non-linear load or 
a short circuit, the gain value of the controller is instantly 
adjusted. Moreover, the cross current is controlled by uti 
liZing a concept of poWer balance While the output imped 
ance is simultaneously considered Without separating the 
cross current into tWo vectors, so that the poWer system 
possesses superior reliability. 

[0009] To achieve the main objective, the parallel poWer 
system is composed of plural UPS modules each of Which 
having an inverter, Wherein the outputs of the inverters are 
coupled in parallel to supply the poWer to a load through a 
bus. Moreover, the poWer system further comprises a current 
sharing circuit, a synchroniZing clock signal circuit and a 
communication circuit coupled among the UPS modules, 

[0010] Wherein the synchroniZing clock signal circuit 
controls the phases of all output voltages of the 
inverters to be synchronal to each other; 

[0011] Wherein the current sharing circuit controls 
the current rate that each UPS module should output, 
and furthermore by properly controlling the unbal 
anced poWer among the UPS modules, the cross 
current could be mitigated; and 

[0012] Wherein the communication circuit is used to 
control information exchange among the parallel 
UPS modules. 

[0013] The above current sharing circuit further includes a 
sWitching element that alloWs a single inverter to be oper 
ated independently. 

[0014] A second objective of the present invention is to 
provide a method for controlling a poWer system composed 
of plural parallel UPS modules, Wherein a current sharing 
signal is used to calculate the unbalanced poWer provided to 
control the ratio of load current sharing among the UPS 
modules, the method comprises the steps of: 

[0015] sampling an output voltage of one UPS mod 
ule, a load current value of the UPS module and the 
current sharing signal during a cycle; 

[0016] calculating a difference value by comparing 
the sampled load current value With the current 
sharing signal; 

[0017] multiplying the sampled output voltage by the 
calculated load current difference value to obtain a 
product value and then dividing the product value by 
the cycle to obtain an average value, Wherein the 
average value represents an unbalanced poWer 
parameter; and 

[0018] controlling the ctive poWer by adjusting the 
output voltage of the UPS module based on the 
unbalanced poWer. 



US 2005/0073783 A1 

[0019] The foregoing control method also could adopts the 
DC bus voltage to compensate the active poWer. The com 
pensation is performed by utiliZing a difference value 
betWeen the detected DC bus voltage and a preset DC bus 
voltage. The compensation is referred to as a DC bus voltage 
compensation loop. 
[0020] A further objective of the present invention is to 
provide a method for improving the cross current transient 
by adding a compensation from the instant difference 
betWeen a load current detector and a share current circuit to 
the inner current control loop. The compensation is imple 
mented by the folloWing stepszsampling an instant load 
current value of the UPS module and the current sharing 
signal; 

[0021] calculating a difference value by comparing 
the sampled instant load current value With the 
current sharing signal; and 

[0022] multiplying the difference value With a gain 
value to obtain a compensation value to add to the 
inner current loop so as to improve the cross current 
transient of the load sharing. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0023] FIG. 1 is a block diagram of a parallel redundant 
poWer system composed of plural UPS modules in accor 
dance With the present invention; 

[0024] FIG. 2 is an equivalent circuit diagram shoWing 
the parallel UPS modules in accordance With the present 
invention; 
[0025] FIGS. 3A-3B are a block diagrams shoWing a UPS 
module of FIG. 1 in detail; 

[0026] FIG. 4 is a schematic vieW shoWing the current 
sharing among the UPS modules; 

[0027] FIG. 5 is a schematic vieW shoWing the current 
limitation in accordance With the present invention; 

[0028] FIG. 6 shoWs a netWork composed of resistors for 
detecting the load current in accordance With the present 
invention; 
[0029] FIG. 7 is schematic vieW shoWing the poWer 
sWitch has failed; and 

[0030] FIG. 8 shoWs the curve of the negative poWer 
protection While the poWer sWitch is in the failure status. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 

[0031] For a preferred embodiment of the present inven 
tion, a parallel (N+1) redundant poWer system utiliZes a 
digital signal processor (DSP) as a controller applied to an 
on-line type UPS module, Wherein an inverter of the UPS 
module is a half-bridge topology. 

[0032] With reference to FIG. 1, the parallel redundant 
UPS system is composed of plural UPS modules (10)(101 
10N) connected in parallel. If the output poWer of each UPS 
module (10)(101-10N) is high, all the UPS modules 
(10)(101-10N) are coupled through a poWer output distribu 
tor (POD)(20) to supply the composed poWer to the load. 
OtherWise, if the output poWer of each UPS module 
(10)(101-10N) is loW, all the UPS modules (10)(101-10N) 
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can coupled together via lines and then they collectively 
provide the poWer to the load Without the use of the POD 

(20). 
[0033] In order to perform a by-pass path (bypass func 
tion), all the UPS modules (10)(101-10N) are coupled to the 
AC input line voltage (Line in) in parallel. The poWer system 
further includes batteries (not shoWn) to supply poWer to the 
load When the AC input voltage is abnormal, Wherein 
Whether in the line voltage operation mode or the battery 
operation mode, all the UPS modules (10)(101-10N) are 
connected to the common batteries so as to achieve the 

maximum available backup time. Besides the poWer lines 
mentioned above, the poWer system further has some cir 
cuits connected among the UPS modules (10)(101-10N). 
These circuits include a load sharing current line (21), a 
synchroniZing clock signal line (22) and a communication 
line (23). 

[0034] The load sharing current line (21) is provided to 
exchange information related to the output current among 
these parallel UPS modules (10)(101-10N), Wherein the 
voltage value measured on the load sharing line (21) repre 
sents an average value of all output current values of the 
UPS modules (10)(101-10N). 

[0035] The synchroniZing clock signal line (22) is used to 
phase locks all UPS modules (10)(101-10N), Whereby all 
output voltages of the UPS modules (10)(101-10N) have 
synchronal phases. 
[0036] The communication line (23) is used to exchange 
information among the parallel UPS modules (10)(101-10N) 
Whereby the operating status of each individual UPS module 
(10)(101-10N) can be monitored in real time. 

[0037] For each UPS module (10)(101-10N) in FIG. 1, the 
input voltage and the output voltage are both single phase 
(R-phase) in this embodiment. Moreover, the present inven 
tion is able to be applied on a poWer system With three phase 
AC input voltage. That is, tWo additional phases (S-phase 
and T-phase) are input to the poWer system, Wherein modi 
?cation of the inverter of each UPS module (10)(101-10N) 
is not necessary, and the phase-locking circuit and bypass 
circuit both are still operated based on the R-phase. 

[0038] With reference to FIGS. 3A-3B, as an example, 
only one UPS module (10) of FIG. 1 is illustrated in detail 
by its functional block diagrams. The UPS module (10) 
comprises an inverter (11), a PWM driver (12) for driving 
the inverter (11), an inductor current detector (13) coupled 
to the output of the inverter (11), an output voltage detector 
(14), a load current detector (15) and a control unit (30). All 
the load current detectors (15) of the UPS modules (10)(101 
10N) are connected via a current sharing circuit (16) and a 
current sharing line (21). 

[0039] The control unit (30) is implemented by a digital 
signal processor (DSP) With the associated control softWare 
programmed therein. 

[0040] Since most of the parts of the control units (30) of 
all the UPS modules (10)(101-10N) are implemented by 
softWare, each UPS module (10)(101-10N) has the superior 
?exibility that alloWs the UPS module to properly adjust its 
gain parameters based on the different Working situations. 

[0041] The control of a parallel redundant poWer system is 
explained from tWo aspects, the transient (dynamic) control 
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and the static control, wherein the processing frequency of 
the transient control is higher than that of the static control. 
Both aspects are explained hereinafter. 

[0042] A. The Static Control of the Parallel Redundant 
PoWer System 

[0043] A control means is designed inside the control unit 
(30) to process the static control of the poWer system, 
Wherein the processing frequency of such a static control is 
loW When comparing With the transient control, for example 
the controlling process may be executed once per cycle of 
the output voltage of the UPS module (10). 

[0044] With reference to FIG. 2, each UPS module is 
simulated as an equivalent ideal AC poWer source connected 
With an output impedance Zsi (i=1 to N). Because the UPS 
modules (10)(101-10N) are not matched With other, there 
are some kinds of differences among the UPS modules 
(10)(101-10N). These differences are mainly categoriZed 
into three types. 

[0045] (1) The output impedance of each UPS module 
(10)(101-10N) is not identical to the others. 

[0046] (2) The phase of each equivalent AC poWer source 
(10)(101-10N) is not synchronal With each other. 

[0047] (3) The amplitude of each equivalent AC poWer 
source is not identical With each other. 

[0048] The three kinds of differences among the UPS 
modules (10)(101-10N) may incur some problems. 

[0049] In the condition that the poWer system is coupled 
With the load, the output voltage values of the UPS modules 
(10)(101-10N) are not the same With each other because of 
the different output impedances among the UPS modules 
(10)(101-10N). Furthermore, since the impedance of all 
UPS modules (10)(101-10N) are not identical With each 
other, the amplitude and phase of the AC output voltage of 
each UPS module Will experience interference. If the output 
impedance is represented as a resistance, the problem 
resulted from the impedance difference is similar to a 
problem caused from the amplitude difference. OtherWise, if 
the output impedance is represented as a reactance, the 
problem caused from the impedance difference is similar to 
that caused from the phase difference. 

[0050] In a condition that there is no load coupled to the 
poWer system, if the output voltages of tWo parallel UPS 
modules have the same amplitudes but a small phase dif 
ference ( ) is existing betWeen the output voltages, a cross 
current still can be observed betWeen tWo parallel UPS 
modules. The phase of the cross current is different from the 
phase of the output voltages of the tWo UPS modules. Thus 
the tWo UPS modules are deemed to respectively supply a 
large reactive poWer. 

[0051] The output voltage of individual UPS module 
(10)(101-10N) is able to be expressed as a vector Therefore, 
the composed output voltage of the parallel poWer system 
can be calculated by summing up these vectors. As an 
example, if tWo UPS modules are coupled in parallel and 
their output voltage phases are different, the amplitude of the 
composed output voltage is smaller than one amplitude of 
the tWo output voltages. In other Words, the composed 
output voltage value is smaller than an expected value that 
the poWer system Was preset With. Thus, the UPS modules 

Apr. 7, 2005 

Will automatically increase their reference voltage (Vref) to 
increase the composed output voltage to meet the expected 
value. HoWever, With the rising of the reference voltage, the 
reactive poWer of an individual UPS module is also accord 
ingly increased. 

[0052] When the parallel poWer system has the load 
coupled thereto, the situation is substantially the same as 
mentioned above, the only difference is that the output 
current is composed of tWo parts, a load current and a cross 
current. 

[0053] From the foregoing description, the increase of the 
phase difference also leads to the raising of the cross current 
and the reactive poWer. Once the cross current value or the 
reactive poWer exceeds the rated value, the parallel poWer 
system Will probably break doWn. Therefore, Whether in the 
line voltage operation mode or battery operation mode, the 
phase difference among all parallel UPS modules should be 
limited in a tolerable range to ensure the Whole system Will 
function Well. Thus, all the phases of the output voltage of 
all the UPS modules should be synchroniZed (also called as 
phase lock). 
[0054] To satisfy the phase locking requirement among the 
UPS modules, one UPS module is designated to act as the 
master module While the other UPS modules are slaves. The 
master UPS module outputs a synchroniZation signal (as 
shoWn in FIGS. 3A-3B, Syn. clock) to phase lock the 
outputs of other slave UPS modules. Because the internal 
synchronization signal is generated inside the poWer system, 
the PWM sWitching signal (not shoWn) of the system can be 
further required to synchroniZe this synchroniZation signal. 
Therefore, the interference for the current, Which is resulted 
from the un-synchroniZed PWM signal, is reduced. 

[0055] Moreover, even When the phases of all output 
voltages are synchroniZed, the cross current still exists 
because the output voltage amplitudes are different among 
the UPS modules When there is no load coupled to the 
parallel UPS modules. HoWever, it should be noted that the 
phase of the cross current is the same as the output voltage 
of each UPS module. Therefore, an active poWer inter 
change (energy interchange) Will exist among the UPS 
modules. The active poWer interchange is explained in such 
a Way that for tWo UPS modules, the ?rst UPS module to 
output the higher voltage is deemed to output the active 
poWer, and on the contrary, the other UPS module is deemed 
to absorb the active poWer. For a UPS module that outputs 
the active poWer, it is equal to that the UPS module is 
coupled With a load so there is no harmful effect to the USP 
module. HoWever, for a UPS module that receives active 
poWer, once the absorbed active poWer is greater than the 
released (output) poWer of the UPS module, additional 
energy Will be accumulated on a DC bus capacitor inside the 
UPS module. With the increase of the DC bus voltage, the 
UPS module then automatically enters a protect mode and 
automatically interrupts its output voltage supply. 

[0056] When the poWer system has the load coupled 
thereto, there is no harmful effect to each UPS module if its 
respective output poWer is greater than the received poWer. 
The only problem is that the load current shared among all 
parallel UPS modules is not equal. HoWever, if such an 
unbalanced distribution is not solved, a signi?cant repetitive 
cycle problem occurs. Each UPS module Will adjust its 
reference voltage (Vref) based on the composed output 
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voltage value that is de?nitely smaller than a highest voltage 
output from one of the parallel UPS modules. The UPS 
module supplying the highest voltage Would deem the 
composed output voltage does not reach the expected level, 
so the UPS module Would further raise its reference voltage 
over and over again. Finally, the reference voltage of the 
UPS module Will reach its maximum value such that this 
UPS module Will supply its full capacity (100%) to the load, 
and the other UPS modules Will absorb the poWer from this 
UPS module. As mentioned above, if a UPS module absorbs 
too much poWer, the DC bus voltage Will increase and lead 
the UPS module to interrupt its oWn output voltage. 

[0057] The difference value betWeen the composed output 
voltage and each individual output voltage of the UPS 
modules should ?rstly be measured Whereby the difference 
value just can be controlled. HoWever, since the composed 
output voltage is obtained by summing up all vectors that 
represent the output voltages of the UPS modules, it is not 
possible to detect the actual difference value. Therefore, the 
present invention uses a parameter “unbalanced poWer” to 
represent the difference betWeen an expected output voltage 
value and an actual output voltage of a UPS module (as 
illustrated in FIGS. 3A-3B, the block denoted With unbal 
anced poWer calculation). 

[0058] The unbalanced poWer parameter is expressed by 
equation (1): 

ie(t)=iload* (04103.10) Q) 
[0059] Wherein iload*(t) is a current command to 

determine the ratio of load current sharing. For 
example, the current command may be proportional 
to a value derived by dividing the total load current 
by the number of the parallel UPS modules. More 
over, iload(t) represents the detected actual load cur 
rent of the UPS module and vO(t) represents the 
actual output voltage of the UPS module. 

[0060] When a negative feedback relationship is estab 
lished betWeen the unbalanced poWer Punbal and the refer 
ence voltage Vref of the UPS module, the problem of 
unbalanced load sharing and excess voltage in the DC bus 
resulted from the output voltage difference are able to be 
mitigated. Such a negative feedback relationship is called 
“poWer sharing regulation loop” and expressed as the fol 
loWing equation 

[0061] Wherein VSetting is a preset initial voltage for 
the reference voltage Vref and K is the gain value of 
the poWer sharing regulation loop. 

[0062] Actually, because of the DC offset error of the 
detectors (14) and the quanti?cation error occurred during 
the A/D sampling process, the iload*(t) and iLOad(t) value 
may not be Zero even When there is only one UPS module 
being operated to Which there is no load coupled. In order to 
avoid any incorrect adjustment While there is only one UPS 
module being operated, a dead Zone (as shoWn in FIGS. 
3A-3B) is necessary. 
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[0063] When determining the gain value K1, tWo points 
should be considered. With the increasing of the gain value 
K1, the ratio of the load sharing among all parallel UPS 
modules Will accordingly become equal. HoWever, the 
adjustment accuracy of the output voltage Will be sacri?ced. 

[0064] Generally, When the unbalanced poWer parameter 
Punbal is applied to adjust the active poWer interchange among 
the parallel UPS modules, the effect is satisfactory. HoW 
ever, in some particular situations, for example When the 
load is suddenly removed from the poWer system, the gain 
value K1 is required to be extremely large to ensure the 
Whole poWer system can be safely operated. Because the 
output impedance and the response time of each individual 
UPS module is not identical to the others, and the variation 
extent of the output voltage of each UPS module is quite 
large, a large gain value K1 is required to deal With the 
violent active poWer interchange among the parallel UPS 
modules. The adjustment accuracy of the output voltage, 
hoWever, limits the increase of the gain value K1. Thus, 
another compensation means should be applied to offset the 
foregoing unbalanced poWer parameter in some particular 
situations. 

[0065] As mentioned above, When the phases of all par 
allel UPS modules are synchroniZed, the absorption of the 
active poWer means the energy is gradually accumulated in 
the DC bus capacitor and results in the raising of the DC bus 
voltage. Therefore, the present DC bus voltage (VISQIBUS) is 
compared With a preset normal voltage (VBUssemng) to 
obtain a different value VBUS for compensating the active 
poWer (as illustrated by the block “Bus compensation” in 
FIGS. 3A-3B). The compensation is called “DC bus voltage 
compensation loop” and expressed by the folloWing equa 
tions. 

Vial: Vse?ing+K 2 *AVBUS (4) 

AVBUs=V1ea1BUs_VBUssening(AVBUs 20) (5) 

[0066] Wherein VSetting is a preset initial output volt 
age value, K2 is a gain value of the DC bus voltage 
compensation loop, VrealBUS is a present detected 
voltage value of the DC bus, and VBUSSetting is a 
preset initial voltage of the DC bus. 

[0067] The DC bus voltage variation is not only in?uenced 
by the poWer output/absorption of the inverter, but is also 
affected by the poWer factor collector (PFC) and voltage 
boost from the battery. During the transient period (the load 
is removed from the poWer system), the overshoot of the bus 
voltage is unavoidable. Thus another dead Zone (as shoWn in 
FIGS. 3A-3B) is required. 

[0068] It should be noted that When there is no load, the 
poWer absorption means the voltage level of the DC bus is 
increased. HoWever, if the poWer system is coupled to a 
load, the DC bus voltage compensation loop Will function 
only When the absorbed poWer is greater than the output 
poWer at that time the load is unbalanced. Thus, the poWer 
sharing regulation loop functions most of the time, and the 
DC bus compensation loop only functions in some particular 
situations. 

[0069] B. Transient Control of the Parallel PoWer System: 

[0070] The above mentioned describes the steady state 
control of the poWer system. HoWever in some transient 
moments, for example, When the load is coupled to or 
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removed from the power system, the power system is unable 
to immediately respond to the change of the load because the 
steady state control processing is only executed once per 
cycle of the output voltage or even longer. That is to say, the 
steady state control is a loW-speed adjustment and is unable 
to process the transient change in real time. 

[0071] As shoWn in FIGS. 3A-3B, the control unit (30) 
shoWs the block diagrams related to the transient control. 
The transient control processing cycle may be equal to the 
poWer sWitching cycle. Except for the current sharing circuit 
(16) and its related circuits, the circuitry of FIGS. 3A-3B 
could be deemed as an inverter. In FIGS. 3A-3B, a voltage 
outer loop is composed of the output voltage detector (14) 
and a real time voltage control softWare, and a current inner 
loop is composed of the inductor current detector and a real 
time current control softWare. Generally, both the sampling 
and processing frequency of the voltage outer loop are 
substantially the same as that of the current inner loop. Only 
in some speci?c situations Will the processing frequency of 
the voltage outer loop be sloWed doWn. The current sharing 
circuit (16) further comprises a sWitch element (shoWn in 
FIG. 4) that alloWs the inverter to be independently oper 
ated. The inverter can also be isolated simply by sWitching 
off the sWitch element to prevent any in?uences from 
surroundings. 

[0072] The transient performance Will cause a great nega 
tive effect upon the poWer system. If a recti?er load is 
coupled to the poWer system Without the transient control, a 
large current surge may impact one of the parallel UPS 
modules and the rate of load sharing that other UPS modules 
Within the system take is small. Moreover, if a UPS module 
has a distorted output voltage, the cross current resulted 
from the distorted output voltage is great. To enable the load 
to be equally shared by all the UPS modules, a real time 
current control loop (as shoWn in FIGS. 3A-3B) is estab 
lished inside the current inner loop to achieve the control of 
the inverter (11). The considered parameters of the real time 
current control loop is substantially the same as the param 
eters of the static control. The considered parameters of the 
real time current represent the unbalanced current difference 
of the current sharing (see FIG. 4). HoWever, the sampling 
frequency and calculating frequency of the real time current 
control loop is approximately 50 us, Wherein the calculated 
error value can be further applied to the current inner loop. 
The real time current control loop is expressed by: 

[0073] Where icom(t) is a compensation current 
applied to the current inner loop, and K2 is a gain 
value of the real time current control loop. 

[0074] Through the proof of the experiment, the real time 
current control loop is able to immediately balance the 
transient current, and is also capable of restraining the static 
cross current caused from the abnormal output voltage and 
the phase difference. A large gain value K2 is helpful to 
balance to the transient and static cross currents among the 
UPS modules. HoWever, if the gain value Ki2 is too high, the 
interference from the current sharing circuit (16) may be 
induced. 

[0075] As shoWn in FIG. 4, each UPS module (10)(101) 
(10N) further includes a sWitching element (SW)(SW1) 
(SWN). If the sWitching element is sWitched off, the respec 
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tive UPS module (10)(101)-(10N) Works as an independent 
inverter and the control means for the independent inverter 
is not to be modi?ed. 

[0076] Another key point to be noted is the limitation for 
the output current. The purpose of limiting the output current 
is to protect the inverter from damage resulting from the 
exceeded output current. With reference to FIG. 5, When the 
poWer system is coupled With a recti?er load or a reactance 
impedance load, or When the load becomes short circuited, 
the output current limit is activated. Since each UPS module 
in the poWer system is not completely identical to the others, 
the starting time and the duration of the current limit of each 
individual UPS module is also different to the others. These 
differences among the UPS modules cause a high frequency 
share current error signal. When such a share current error 
signal is added in the current inner loop, the output current 
has the oscillation problem Which may damage the inverter. 
Therefore, the present invention provides an auto-adaptive 
current limit control to avoid the oscillation problem. 

[0077] The auto-adaptive current limit control is explained 
hereinafter. When the output current value approximately 
reaches a preset limit value, each UPS module automatically 
adjusts its gain value of the current inner loop based on the 
detected real current and the voltage values to alloW all the 
UPS modules to be properly operated. Even When the load 
becomes short circuited, the gain value K2 and the preset 
limit value are reduced so that the UPS modules still can 
output a large current and the inverter is not damaged. 
Thereby the protective fuse or the breaker of the shorted load 
is fused or tripped, and the output voltage is recovered. 

[0078] Through the above-mentioned steady state control 
and transient control, the cross current value is able to be 
reduced to loWer than 0.4A When there is no load, and the 
unbalanced extent of the load current sharing is loWer than 
1%. 

[0079] In some speci?c situations, an unbalanced load 
current sharing is required. For example, if one UPS module 
has a loWer battery capacity than other UPS modules, the 
ratio of the current sharing for the said UPS module is 
correspondingly loWer than the other UPS modules so that 
the operating time of the UPS module can be prolonged. 
Moreover, for UPS modules With different poWer capacities, 
it is preferable to have a direct proportion relationship 
betWeen the poWer capacity and the ratio of load sharing that 
a UPS module can tolerate. 

[0080] In the present invention, the adjustment of the 
current sharing is based on the share current error signal, 
Wherein the share current error results from the difference 
betWeen the average current signal and the load current of 
the UPS module. The generation of the average current is 
based on the impedance matching of the current sampling 
circuits among all the UPS modules. If the gains of all the 
current sampling circuits are equal, and the impedance of all 
UPS modules are matched, so the load can be equally 
distributed. If one sampling gain or impedance is not 
matched, the load can not be equally shared. In such a 
condition that the impedances are matched, the rate of the 
load sharing sustained by a UPS module having a loW 
sampling gain is usually larger than the others. In order to 
satisfy these speci?c requirements, a resistor netWork (see 
FIG. 6) controlled by the softWare is reserved in the current 
load sampling circuits. The netWork is composed of an 
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electrical switching element and some precise resistors R1 to 
R4. By properly changing the resistance of the network, the 
gain value of the current sampling circuit is also adjusted. 
The draWing shoWs four sWitching elements With sixteen 
kinds of impedance provided for choice. 

[0081] The high reliability of the parallel poWer system is 
because many UPS modules are collectively operated to 
supply poWer to the load. Such a high reliability is based on 
the assumption that even When the poWer system has the 
problem single point failure, the parallel poWer system Will 
still Work for the load requirement. The single point failure 
mainly comprises tWo types. One type is related to the single 
module failure, for example, the open short, the short circuit, 
the abnormal output voltage and the frequency of the UPS 
module etc. The other type concerns the abnormality of the 
control logic and the failure of the signal circuits, such as the 
synchroniZation circuit, the current sharing circuit, the mas 
ter/slave determination circuit and communication circuit 
etc. Both types are explained in detail hereinafter. 

[0082] Type A: The Single Module Failure 

[0083] The single module failure is the most problematic 
in the parallel poWer system and can be further categoriZed 
into tWo types. One type is referred to as non-urgent failure, 
such as the excess temperature and the DC bus voltage fault. 
The other type is referred to as urgent failure, Which include 
the problems of open/short circuit and the abnormal output 
frequency. Since the output voltage and phase of the poWer 
system module are not immediately affected by the non 
urgent failure, suf?cient time exists to solve this kind of 
problem by interrupting or isolating the failed UPS module. 
That is to say, a single failed UPS module Will not, at least 
not immediately, affect the other UPS modules. On the 
contrary, the urgent failure means the abnormal operation of 
a single UPS module could instantly affect the other UPS 
modules. The Worst situation is the entire poWer system may 
break doWn. Thus, the solving process for the urgent failure 
usually has higher priority than that of the non-urgent 
failure. The present invention utiliZes several Ways to solve 
the urgent failure. 

[0084] The ?rst Way to settle the urgent failure concerns 
the current share protection, Wherein When the share current 
error among the UPS modules is greater than a preset value, 
the protection is activated. 

[0085] The second Way manner of the phase protection is 
When the phase difference betWeen the actual output voltage 
of a UPS module and a reference voltage is greater than a 
preset quantity, Whereby the protection is activated. For 
example, if the phase of the output voltage of a UPS module 
signi?cantly differs from that of the other UPS modules, the 
cited UPS module has a larger share current error than those 
of the other UPS modules. Once the share current error 
exceeds a limit value, the UPS module sends a protecting 
command and interrupts its output voltage to isolate itself 
from the other UPS modules Whereby the protection is 
achieved. 

[0086] If the above protection means fails to Work or 
experiences other irregular situations, for example there are 
only tWo parallel UPS modules so the share current errors of 
the tWo UPS modules are equal, the control unit (30) Will 
still monitor the phase difference quantity betWeen the actual 
output voltage and a reference voltage. If the phase differ 
ence exceeds a preset value, the protection is activated. 
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[0087] According to the statistics data related to the single 
module failure (especially specifying the inverters), the 
poWer sWitch of the inverter is the element that most 
commonly fails. Further, other types of failure in the inverter 
Will ultimately lead to damage of the poWer sWitch. Once the 
poWer sWitch has failed, the problem of circuit short occurs. 
Therefore, hoW to identify a failed inverter (UPS Module) 
With a defective poWer sWitch, and isolate it from other ones 
is the most important issue to be addressed. MeanWhile, 
While isolating the defective poWer sWitch, the output volt 
ages of the other UPS modules should not be in?uenced and 
the poWer providing to the load must not be interrupted. 
When the poWer sWitch is short, the DC bus of the UPS 
module ?rstly becomes short so the voltage level of the DC 
bus is accordingly loWered. Then, a large sink current from 
the output bus ?oWs to the defective UPS module, Which 
represents the defective UPS module is absorbing the poWer 
from the poWer system, as shoWn in FIGS. 7 and 8. For each 
of the other UPS modules (101)-(10N), a signi?cant increase 
occurs in the output poWer. Since each UPS module (101) 
(10N) has the over-current protection, the poWer system can 
remain in its safe mode for a short period (approximate 
20-40 ms), and the voltage supplied to the load is not 
interrupted. 
[0088] Therefore, by determining if the absorbed poWer of 
a UPS module has exceeded a limit value Where only a cycle 
time is enough for accomplishing the determination, 
Whether any failure or defect arises from the poWer sWitch 
can be identi?ed. Thus the present invention discloses an 
active poWer absorption protection (also referred to as 
negative poWer protection). The advantage of the negative 
poWer protection is that any external information is not 
necessary and only the quantity of the absorbed poWer by a 
UPS module is calculated. Moreover, the negative poWer 
protection has a superior capability for anti-interference 
because the calculating process of the absorbed poWer itself 
is a noise ?ltering process as its essence is a kind of area 
integral during a period. When the poWer sWitches of the 
inverter fail, because the poWer absorption is signi?cant and 
easily observed, the negative poWer protection can be 
instantly activated, Wherein the required time for response is 
less than tWo cycles. Furthermore, the negative poWer 
protection can also be applied in other conditions, for 
example, as in the malfunction of the poWer system resulting 
from the un-synchroniZed phase. 

[0089] The above mentioned three kinds of protection— 
the current share protection, the phase protection and the 
negative poWer protection—are all provided in the poWer 
system. When any one of the three protections is activated, 
the failed UPS module is isolated. 

[0090] Type B: The Abnormality of the Control Logic and 
the Failure of the Signal Circuits 

[0091] In order to monitor the entire parallel poWer system 
and to provide the real time information about each UPS 
module to the user, it is necessary to gather the operating 
parameters of each UPS module. Such a gathering task is 
performed by the communication protocols. HoWever, the 
logic operation of the protocols or the communication 
hardWare may have errors that could result in some serious 
problems. Further, it should be noted that the communica 
tion line is generally designed Without an alternative source. 
To avoid the foregoing errors, several Ways described here 
inafter are useful. 
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[0092] One Way is to detect the communicated informa 
tion, wherein some key control logic is monitored by soft 
Ware. Another Way is to execute a failure monitoring process 
to check each communication circuit and the synchronizing 
circuit. When the communication signal or the synchroniZ 
ing signal has not been received by the UPS module, the 
communication circuit or the synchroniZing circuit con 
nected With the UPS module is deemed as a failed circuit. 
Further, the operation of the communication circuit is upon 
a normal operating voltage. For example, When the operat 
ing voltage of the communication circuit is in the normal 
range such as 15:3V, the input voltage level of the com 
munication circuit of UPS module is opposite to the output 
voltage level. HoWever, if the operating voltage is abnormal, 
the input and output voltage level Will become the same or 
very close to each other, so that the abnormal operating 
voltage is detected. 

[0093] From the foregoing description, the present inven 
tion presents a redundant parallel control system including a 
communication protocol for assigning a dynamic master 
UPS module, and being capable of determining the rate of 
the load sharing among the UPS modules. The advantages of 
the system can be concluded as folloWs. 

[0094] 1. The present invention establishes a parallel 
redundant poWer system composed of UPS modules, 
Wherein the system is capable of adjusting the transient gain 
value of the control unit When the UPS modules have the 
problem of over current, non-linear load or circuit short. 
Further, by using the poWer balance concept and concerning 
the output impedance, the cross current needs not be divided 
into tWo vectors. 

[0095] 2. Since the current sharing circuit further com 
prises a sWitch element, a single inverter can be operated 
independently. 
[0096] 3. The synchroniZation signal applied to the poWer 
system can be from an external controller, or from any one 
of the parallel UPS modules Whereby once the external 
controller has failed, the entire poWer system still can be 
operated normally. 
[0097] The foregoing description of the preferred embodi 
ments of the present invention is intended to be illustrative 
only and, under no circumstances, should the scope of the 
present invention be so restricted. 

What is claimed is: 
1. Aparallel redundant poWer system composed of plural 

UPS modules each of Which having an inverter, Wherein an 
AC output of each inverter is coupled to a load through a bus 
for collectively supplying a load current, Wherein the plural 
UPS modules are connected in parallel via a current sharing 
circuit, a synchroniZing clock signal circuit and a commu 
nication circuit coupled among the UPS modules, 

Wherein the synchroniZing clock signal circuit controls 
the phases of all output voltages of the inverters to be 
synchronal to each other; 

Wherein the current sharing circuit controls the current 
rate that each UPS module should output, and further 
more by properly controlling unbalance poWer among 
the USP modules to mitigate the cross current among 
the UPS modules; and 
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Wherein the communication circuit is used to control 
information exchange among the parallel UPS mod 
ules. 

2. Aparallel redundant poWer system composed of plural 
inverters, Wherein an AC output of each inverter is coupled 
to a load through a bus for collectively supplying a load 
current, Wherein the plural inverters are connected in parallel 
via a current sharing circuit, a synchroniZing clock signal 
circuit and a communication circuit coupled among the 
inverters, 

Wherein the synchroniZing clock signal circuit controls 
the phases of all output voltages of the inverters to be 
synchronal to each other; 

Wherein the current sharing circuit controls a rate of 
current that each inverter should output, and further 
more by properly controlling unbalance poWer among 
the USP modules to mitigate the cross current among 
the inverters; and 

Wherein the communication circuit is used to control 
information exchange among the plural parallel invert 
ers. 

3. The poWer system as claimed in claim 1, Wherein the 
synchroniZing clock signal to control the plural inverters is 
an internal synchroniZing signal. 

4. The poWer system as claimed in claim 2, Wherein the 
synchroniZing clock signal to control the plural inverters is 
an internal synchronizing signal. 

5. The poWer system as claimed in claim 1, Wherein the 
synchroniZing clock signal to control the plural inverters is 
generated by one of the parallel inverters. 

6. The poWer system as claimed in claim 2, Wherein the 
synchroniZing clock signal to control the plural inverters is 
generated by one of the parallel inverters. 

7. The poWer system as claimed in claim 1, Wherein the 
current sharing circuit controls all plural inverters to equally 
share the load current based on the quantity of the plural 
inverters. 

8. The poWer system as claimed in claim 2, Wherein the 
current sharing circuit controls all plural inverters to equally 
share the load current based on the quantity of the plural 
inverters. 

9. The poWer system as claimed in claim 1, Wherein the 
current sharing circuit controls all inverters, Which has the 
same rating capacities, to share the load current With differ 
ent current sharing ratio. 

10. The poWer system as claimed in claim 2, Wherein the 
current sharing circuit controls all inverters, Which has the 
same rating capacities, to share the load current With differ 
ent current sharing ratio. 

11. The poWer system as claimed in claim 1, Wherein the 
plural inverters With different rating capacities are coupled 
in parallel and share the load current based on ratio com 
mands of the current sharing circuit, Wherein each ratio 
command is independent to the others. 

12. The poWer system as claimed in claim 2, Wherein the 
plural inverters With different rating capacities are coupled 
in parallel and share the load current based on ratio com 
mands of the current sharing circuit, Wherein each ratio 
command is independent to the others. 

13. The poWer system as claimed in claim 1, Wherein each 
inverter further comprises a sWitch element, and When the 
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switch element is switched off, the inverter is isolated from 
the other inverters and operated independently to supply 
power to the load. 

14. The power system as claimed in claim 2, wherein each 
inverter further comprises a switch element, and when the 
switch element is switched off, the corresponding inverter is 
isolated from the other inverters and operated independently 
to supply power to the load. 

15. The power system as claimed in claim 1, wherein each 
inverter further comprises a digital signal processor (DSP) to 
control the current sharing circuit, the synchroniZing clock 
signal circuit and the communication circuit. 

16. The power system as claimed in claim 2, wherein each 
inverter further comprises a digital signal processor (DSP) to 
control the current sharing circuit, the synchroniZing clock 
signal circuit and the communication circuit. 

17. The power system as claimed in claim 15, the DSP 
storing a quick-speed control software for transient control 
of the power system, wherein the quick-speed control soft 
ware detects a direct current (DC) voltage of the bus, the 
output voltage value and the output current value of each 
inverter, wherein during at least one switching cycle, the 
rapid control software calculates an inverter current com 
mand and a current sharing command to control a pulse 
width modulation (PWM) signal applied to each inverter. 

18. The power system as claimed in claim 16, the DSP 
storing a quick-speed control software for transient control 
of the power system, wherein the quick-speed control soft 
ware detects a direct current (DC) voltage of the bus, the 
output voltage value and the output current value of each 
inverter, wherein during at least one switching cycle, the 
rapid control software calculates an inverter current com 
mand and a current sharing command to control a pulse 
width modulation (PWM) signal applied to each inverter. 

19. The power system as claimed in claim 15, the DSP 
storing a low-speed control software for static control of the 
power system, wherein the low-speed control software uti 
liZes calculation of an unbalanced power parameter based on 
the detected output impedance, the phase difference and 
voltage difference through the current sharing circuit, fur 
ther, the low-speed control software adjusts the cross current 
once per at least one output voltage cycle. 

20. The power system as claimed in claim 16, the DSP 
storing a low-speed control software for static control of the 
power system, wherein the low-speed control software uti 
liZes calculation of an unbalanced power parameter based on 
the detected output impedance, the phase difference and 
voltage difference through the current sharing circuit, fur 
ther, the low-speed control software adjusts the cross current 
once per at least one output voltage cycle. 

21. The power system as claimed in claim 15, wherein the 
DSP is provided to perform the transient control and the 
static control of the power system, wherein the control gain 
values of the transient control and the static control are 
adjustable. 

22. The power system as claimed in claim 16, wherein the 
DSP is provided to perform the transient control and the 
static control of the power system, wherein the control gain 
values of the transient control and the static control are 
adjustable. 

23. The power system as claimed in claim 1, wherein the 
inverter is an output inverter of the UPS module. 
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24. The power system as claimed in claim 1, wherein 
there are three phases of the output voltage and at least one 
of the three phases is controlled to be phase locked. 

25. The power system as claimed in claim 2, wherein 
there are three phases of the output voltage and at least one 
of the three phases is controlled to be phase locked. 

26. Aload sharing control method by using an unbalanced 
power to adjust active power, the method applying for a 
power system composed of at least two inverters coupled in 
parallel to provide AC power to a load through a bus, the 
method comprising the steps of: 

sampling an output voltage vO(t), a load current iload(t), 
and a current sharing command iload*(t) generated from 
a current sharing circuit; 

calculating a difference value ie(t) by comparing the 
sampled load current with the sampled current sharing 
command, wherein the difference value is expressed by 

integrating the product of the difference value ie(t) and the 
output voltage vO (t) during an output voltage cycle T, 
and then calculating an unbalanced power Punbal 
according to an equation 

and 

adjusting the output voltage vO(t) of the inverter based on 
the unbalanced power. 

27. The method as claimed in claim 26 further comprising 
the steps of: 

establishing a relationship between the unbalanced power 
Punbal and a reference voltage Vref, wherein the rela 
tionship is expressed by an equation Vret=Vsemng+Kl>< 
unbal; 

Whereln Vs'etting is'a preset initial voltage of the reference voltage Vref 
and K1 is a gain value that is inversely proportional to 
the difference value ie(t). 

28. The method as claimed in claim 27, wherein the 
unbalanced power is generated when the amplitude of the 
output voltages, the output impedance, or the phases of the 
output voltages of the at least two inverters are different to 
each other. 

29. A load sharing control method for adjusting active 
power, the method applying for a power system composed 
of at least two inverters coupled in parallel to provide AC 
power to a load through a bus, the method comprising the 
steps of: 

detecting a DC bus voltage VmIBUS; 

comparing the detected DC bus voltage VrealBUS with a 
preset DC bus voltage VBUSSetting to obtain a difference 
value AVBUS, where the difference value is expressed 
by AVBUS=VrealBUS_VBUSsetting; 

establishing a relationship between the difference value 
AVBUS and a reference voltage Vref, where the relation 
ship is expressed by an equation VIet=VSemng+K2>< 
AVBUS, wherein VSetting is a preset initial voltage of the 
reference voltage Vref and K2 is a gain value. 
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30. The method as claimed in claim 29, wherein the gain 33. Amethod for protecting a power system composed of 
value is inversely proportional t0 the Current sharing differ- at least tWo inverters coupled in parallel so as to provide AC 
ence- _ _ poWer to a load through a bus, the method comprising the 

31. A load sharing control method by using a current Steps of, 
sharing error to adjust a transient current of a poWer system 
composed of at least tWo inverters coupled in parallel so as Sampling an Output voltage vk and an output current ik 
to provide AC poWer to a load through a bus, the method during a period N; 
comprising the steps of: 

calculating an active poWer PNEG, Wherein the active 
sam lin a load current i t and a current sharin . . . 

p g loado g power is calculated according to an equation command i (t) generated from a current sharing cir 
cuit; 

avg 

comparing the sampled load current iload(t) and the cur- N 
rent sharing command i (t) to obtain a current sharing 

. avg. . . PNEG = 

difference and then multiplying the current sharing 
difference by a gain value Ki2 to derive a compensation 
command icom(t), Where the compensation command is 
expressed by an equation ioOm(t)=Ki2*(iavg(t)—iload(t)); 
and determining Whether the active poWer is a negative value, 

if the active poWer is a negative value and smaller than 
a preset negative limit value, then isolating the one of 
the at least tWo inverters from other inverter. 

applying the compensation command icom(t) to adjust the 
load current iload(t). 

32. The method as claimed in claim 31, Wherein the gain 
value K2 is inversely proportional to the current sharing 
difference. * * * * * 


