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 The conversion from alternating current to direct current creates harmonics 

and causes power quality issues especially when large amount of power 

being converted. To mitigate these issues, conventional schemes for pot line 

Rectiformers are integrated with passive harmonic filters (PHF), which are 

either connected directly to the feeding grid or connected to each tertiary 

winding of the Rectiformer regulating transformer. This paper presents a new 

pot line Rectiformer scheme that reduces the distortion at the Rectiformer 

terminal and has better harmonic attenuation capability at the point of 

common coupling (PCC) by using parallel delta connected (PDC) tertiary 

winding between two adjacent Rectiformers. The proposed pot line scheme is 

modeled and simulated using MATLAB/Simulink. A comparison is made 

with Aluminum Bahrain (ALBA) new 900MW pot line 6 (PL6) scheme in 

terms of harmonic elimination, capability, operational constrains and 

cost/space requirements. 
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1. INTRODUCTION 

Aluminum Smelter is basically a series of connected electrolytic cells (Pots) supplied by direct 

current electrical equipment known as Rectiformer. The Rectiformer is a combination of rectifier coupled to 

a transformer which is used in Aluminum smelters to supply the pot line with direct current. Aluminum 

Bahrain (ALBA) company consumes more than 1.6GW DC power to feed their five pot lines. Conventional 

pot line scheme is consisting of six Rectiformers connected in parallel and each is phase shifted in order to 

achieve 72 pulse system which effectively reduces the harmonic currents at PCC [1]. The ideal characteristic 

harmonic orders penetrating into the network in this case will be [2]-[3]: 

 

ℎ = 72𝑛 ± 1 (𝑛 = 1,2, 3 … )  (1) 

 

However, this scheme is not sufficient to keep the distortions below the recommended standard 

acceptable limits [4]. PHF which is connected directly to the feeding grid is mostly employed to attenuate the 

harmonic distortions and to provide reactive power compensation [5]-[9]. The existing harmonics in the 

electrical network that can be obtained by measurement or computer simulation will decide the tuning 

frequencies of the PHF.  

Another alternative scheme in which the harmonic filter is connected to the regulating transformer 

tertiary winding of each Rectiformer unit has been employed [10]-[12]. Reference [10] discussed the most 

economical method to maintain the voltage THD within 2% which is achieved by connecting the PHF to the 
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regulating transformer tertiary winding. PHF connected to tertiary winding scheme is also discussed in 

reference [11]. Connecting the PHF to the tertiary winding reduces the harmonic effects by creating low 

impedance path for harmonic to flow and achieves the customer commercial goals by reducing the reactive 

power demand which will result an optimized sizing of equipments such as power cables. The new scheme 

for ALBA PL6 Rectiformer units is based on PHF connected to the regulating transformer tertiary winding as 

shown in Figure 1. This configuration was considered to satisfy the IEEE 519 recommended distortion limits. 

Same scheme has been already implemented in Ma’aden (Saudi Arabian Mining Company) [12]. This 

scheme will not prevent the harmonics from flowing in the regulating transformer when the PHF is not 

connected.  

 

 

 
 

Figure 1. Rectiformer unit with PHF connected to tertiary winding 

 

 

In this paper, a new scheme is proposed and compared with ALBA PL6 scheme in terms of 

harmonic attenuation capability, operational constrains, cost and space requirements. It also opens a domain 

for new ideas for optimizing the PHF design [13]. MATLAB/SIMULINK environment is used to evaluate 

the performance of both schemes.  

 

 

2. ALUMINUM SMELTER RECTIFORMER 

In aluminum smelters, diode base rectifiers are mostly used rather than thyristor base rectifier. The 

main reason behind the usage of diode base unit is that it can work manually in case of emergencies even 

when controls fail and has better performance in terms of power quality [14]. In general, the Rectiformer unit 

shown in Figure 2 and Figure 3 consist of [15]-[17]: 

a. Regulating Transformer  

b. Rectifier Transformer 

c. Rectifier 

d. Cooling system 

e. Local control equipment 

In general, for unit power less than 120MVA, the regulating transformer can be located in the same 

tank as shown in Figure 2. However, for higher rating, it can be located in separate tanks as shown in     

Figure 3.  
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Figure 2. Rectiformer unit with regulating and rectifier transformer in the same tank 

 

 

 
 

Figure 3. Rectiformer unit with regulating and rectifier transformers in separate tanks 

 

 

2.1. Regulating Transformer 

The regulating transformer is fitted with on-load tap changer for the regulation range of the 

secondary voltage by stepping the regulation transformer on load tap changer upwards or downwards 

depending on the voltage set value. 

 

2.2. Rectifier Transformer 

The rectifier transformer with two secondary windings, both connected to a separate three phase 

bridge rectifier in order to get twelve pulse output.  For a complete pot line Rectiformers, the primary of the 

rectifier transformer is phase shifted in order to achieve 72 pulses for six units connected in parallel scheme. 

The saturable reactors installed in the rectifier transformer are used for fine current control between on-load 

tap changer step by acting like a variable impedance to the rectifier input. The feature of the saturable reactor 

are discussed in [18]. The saturable reactors are not considered in the simulation because the results 

evaluation has been don at steady state in which the reactor characteristic is not varying. 

 

2.3. Rectifier 

The 12 pulse diode rectifier is constituted by two ‘’Graetz’’ bridges connected in parallel and 

housed in a sealed shelter to prevent the entrance of dust, sand and other contaminations. The rectifier diodes 

and fuses are cooled by deionized water circulating through the aluminum extruded profile. The main 

functions of the cooling system are cooling the rectifier frames and cooling of the air in the rectifier 

container. 

 

2.4. Cooling Equipment 

The cooling equipment is provided with oil to air heat exchangers installed remote from the 

transformer as shown in Figure 3 or on the top of it as shown in Figure 2. Most designers are maintaining one 

redundant heat exchanger bank or at least one redundant fan for each bank.  
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2.5. Local Control 

The local control could be housed in a control building or near to the unit itself depending on the 

design. The local control is equipped with all necessary apparatus for local rectifier control, metering and 

protection. The rectifier is controlled by a programmable logic controller (PLC) to do rectifier operation, fast 

current regulation and rectifier protection. Auxiliaries low voltage supply is also controlled by the local 

control equipment. 

 

 

3. PROPOSED PARALLEL DELTA CONNECTION SCHEME (PDC) 

Figure 4 shows the proposed scheme of 24 pulse system. Two Rectiformers with their regulating 

transformer delta connected tertiary winding is connected in parallel for harmonic filtering. This scheme was 

proposed for HVDC system, the wiring and tertiary winding design has been evaluated in reference [19]. 

Similar approach also presented in [20] where harmonics at specific order trapped by shunt connected 

transformer. This technique can be used also for higher harmonic orders. The reactive power compensator 

and the tuned passive filters are connected to the parallel links as shown in Figure 4. In this case, it is 

assumed that the load is pure DC and by using square wave analysis as presented in [19]-[21], the current 

passing into the regulating transformer secondary of unit 1 and 2 can be expressed as: 

 

𝐼1 =
4√3

𝜋
[cos 𝜔𝑡 −

1

11
cos 11𝜔𝑡 +

1

13
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25
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4√3
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The currents passing in the tertiary windings of unit 1 and 2 respectively expressed as: 
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The current passing in the parallel link is obtained by adding (3) and (4), which yields to: 

 

𝐼3 = 𝐼12 + 𝐼22 =
8√3

𝜋
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In the proceeding equations, the coefficients ki (i = 1, 2, 3, . . .) can be approximated to unity as 

discussed by [9]: 

 

𝐾12𝑛±1  ≈  1  (7) 

 

Therefore, equation (5) can be simplified as: 
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Figure 4.  PDC scheme of 24 pulse system 

 

 

According to (8), the parallel links connecting the tertiary delta windings can eliminate the 

harmonics of order 12n±1 (n=1,3, 5...) which flow out of the tertiary delta windings. Therefore, the harmonic 

filter shall be tuned to target the 24n±1 orders. Without the PHF connected, the harmonics of order 24n±1 

(n=1,2, 3...) will be presented in (IP1) and (IP2), which means that the dominant characteristic harmonics of 

the 12-pulse unit (11
th

 and 13
th

) will not flow into the regulating transformer even when the PHF is not 

connected. 

 

 

4. MATLAB SIMULINK SIMULATIONS 

4.1. PDC Model 

The PDC scheme is simulated using the MATLAB/SIMULINK environment. The simulation 

modelling of the PDC scheme is presented in Figure 5. The electrical parameters of the simulated system are 

provided in Table 1, which is obtained from the actual proposed data for ALBA PL6 units. It is important 

that the phase shift between the two unit is equal to [22]:  

 

Phase shift =
60

Number of converters
=

 360°

Number of pulses
= 15° 

 

where, the number of converters is 4 and the number of pulses is 24. 

 

 

Table 1. Electrical Parameter of the System 

 

 

 

 

 

 

 

 

 

 

 

Main Supply Source 

KV=220 Hz = 50 MVAsc = 8000 X/R = 24 
Under Ground Cable 

R= 40µΩ/m L= 636µH/m C= 0.21µF/m L= 100m 

Regulating Transformer 
YY∆ MVA = 230 KVs = 95 KVp = 220 KVt = 28 

Lp = 47.5mH Ls = 10.5mH Lt = 0.56µH 

Rectifier Transformer 
ZY∆ MVA= 2x115 KVp= 95 KVs= 1.39 Phase Shift= ±7.5° 

PHF 

MVar= 40 Tuning Hz= 1200 Q= 20 KV= 28 
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Figure 5.  MATLAB SIMULINK model of PDC 24 pulse system 

 

 

4.2. PDC Scheme Simulation Results  

 Figure 6 shows the simulation result of phase A primary current of unit 1 (IP1) while the parallel 

link left open circuited. In this case, the current THD is 5.7% due to the presence of characteristic harmonics 

12n±1 (n= 1,2, 3…). Figure 7 shows the same current with parallel link closed. In this case, the current THD 

reduced to 0.78% because the harmonics of order 12n±1 (n=1,3, 5...) have been eliminated. The Phase A 

current of the parallel link shown in Figure 8, is basically carrying the harmonics order of 12n±1 (n=1,3, 5...) 

as described in (6).  With the PHF tuned as per (8) and connected as shown in Figure 5 to target the 23
rd 

and 

25
th 

harmonic orders, phase A primary current of unit 1 is almost free from harmonics with THD equal to 

0.06% as shown in Figure 9. Furthermore, it can be clearly seen from Figure 10 that PHF phase A current (I3) 

is carrying harmonics of order 23
rd

 and 25
th

 as discussed in (8).  

 

 

 
 

Figure 6.  Phase A primary current of unit 1 with parallel 

link open 

 
 

Figure 7.  Phase A primary current of unit 1 with 

parallel link close 
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Figure 8. Phase A parallel link current 

 
 

Figure 9.  Phase A primary current to unit 1 with PHF 

connected 

 

 

  
 

Figure 10.  Phase A PHF current 

 

Figure 11.  Impedance characteristic. (a) PHF 

impedance characteristic, (b) impedance 

characteristic at PCC 

 

 

The reactive power supplied by the PHF can be checked by applying the impedance characteristic to 

the PHF while it is not connected to the system. The impedance characteristic of the PHF alone is shown in 

Figure 11(a). The reactive power at the fundamental frequency is equal to: 

 

Mvar =
V2

Z
=

(28k)2

19.6
= 40 

 

Parallel resonant can be observed at PCC due to source impedance and other apparatus in the system 

as shown in Figure 11(b). This is one of the drawback of using PHF. However, resonance will not cause 

harmonics amplification in the study system because the generated harmonics orders dose not align with the 

peak of the impedance characteristic of the system. 

 

4.3. Performance Comparison  

In this section, a comparison between ALBA PL6 and the proposed PDC scheme is presented. 

Figure 12(a) shows the scheme of ALBA PL6, where the PHF is connected to the tertiary winding for 

reactive power compensation and for harmonic attenuation. The PHF parameters are extracted from the 

proposed data which are provided by the supplier. The PHF tuned to eliminate the 3rd, 5th, 7th and 11th 

order with total reactive power compensation of 240Mvar. The PDC scheme is shown in Figure 12(b). The 

PHF tuned at 5th, 12th and 24th with same reactive power compensation capability. Since ALBA PL6 is 

designed for N-2 operation, the performances of both schemes are evaluated at three operating conditions 

with PHF and without PHF. The rectifier transformer no load voltage output is assumed to have 0.3% voltage 

unbalance as this unbalance is always there in practice [23]. The parameters used in both models are shown 

in Table 1.  The Rectiformer phase shift arrangement in the PDC scheme must be connected as shown in 
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Figure 12(b) in order to eliminate the 12n±1 (n=1,3, 5...) harmonic. The results summary is shown in Figure 

13 in percentage. 

It can be clearly seen from Figure 13 that at all the tested scenarios, the performance of the proposed 

PDC scheme is superior over that of the ALBA PL6 scheme in terms of harmonic attenuation capability. The 

unit current TDD in PDC scheme is lower than ALBA PL6 scheme by more than 5% when all units are in 

service. 
 

 

 
 

(a) ALBA PL6 Scheme 

 

 
 

(b) The proposed pot line Rectiformer Scheme 

 

Figure 12.  Aluminum pot line Rectiformers of ALBA PL6 and the proposed Schemes 
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Figure 13.  Summary of the simulation results 

 

 

4.4. Discussion 

4.4.1. Harmonics Attenuation Capability 

From the obtained results, it can be seen that the proposed scheme can decrease the overall 

harmonic distortion, especially in the regulating transformers. On the other hand, ALBA PL6 scheme will not 

prevent the characteristic harmonics from flowing into the regulating transformer. Looking at the three 

operating scenarios, the PDC performance is better in attenuating the overall harmonic distortions as 

compared to ALBA PL6 scheme by improving the harmonic suppression performance which leads to better 

power quality. 

4.4.2. Practical Consideration 

In the proposed scheme, there will be six outages per year for the Recrtiformers and three for the 

block filters. It is reasonable to expect some 12 days per year to do maintenance for each Rectiformer and 3 

days per year for each block filter which means that the potline is will not run under normal operating 

condition (Rectiformer is out or Block filter is out) for 23% of year and the potline will run under normal 

operating condition (All Recrtiformers and Block filters are in service) for 77% of the year. Based on the 

proposed potline scheme, the maintenance of the block filters shall be done before or after all the 

maintenance activities are completed on the Rectiformer units.  This is required to ensure minimum distortion 

by maintaining the parallel link closed on each block.  

During the 77% of the year, the 12
th 

order branch filter is not required because of the parallel links 

which effectively eliminate the 11
th

 and 13
th

 order harmonics.  However, this branch is required to be in 

service when one Rectiformer unit form the same block is taken out of service as well as to support the 

reactive power requirements.  

 

4.4.3. Cost and Space 

In the proposed scheme, the number of the PHF is three as compared to ALBA PL6 scheme which 

require six. Consequently, the space requirements will reduce. However, the number of required breakers for 

the filter units is increased in the proposed scheme. The cost of the three PHF units as compared to six circuit 

breakers shall be evaluated by the owner. The maintenance and spare parts requirements for the PHF is 

relatively higher than circuit breakers. Indoor type switchgear is reliable with minimal maintenance 

requirements. Table 2 summarize the comparison between the conventional, ALBA PL6 and the proposed 
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pot line scheme. In the conventional scheme, the PHF is directly connected to the high voltage feeding bus. 

 

 

Table 2. Summery Comparison between Conventional, ABA PL6 and PDC Scheme 

 

 

 

 

 

 

 

5. CONCLUSION 

A proposed PDC scheme of 24-pulse system has been successfully modeled and simulated in 

MATLAB/SIMULINK environment. The performance of the scheme is evaluated by showing the harmonic 

contents of unit 1, parallel link and PHF currents. The parallel link has effectively trapped the targeted 

harmonic orders which has reduced the THD in the primary current of the regulating transformer to less than 

1%. In addition, the proposed aluminum pot line Rectiformer scheme shows high capability of reducing the 

overall distortion levels at PCC as well as at each unit terminal at N operating condition which represent 

almost 80% of the year. Comparison of the proposed scheme with conventional, and ALBA PL6 has been 

discussed in terms of harmonic attenuation capability, operation flexibility, cost and space requirements. 

Only half of the number of the PHF is required in the proposed PDC scheme as compared to the ALBA PL6 

scheme. Tuning the PHF to target 11
th

 and 13
th

 harmonic order is not required in the proposed scheme when 

it is running under N operating condition due to the presence of the parallel links between adjacent 

Rectiformer units.  
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