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Abstract—This paper describes an optimization problem to to nonresponse of most consumers to continuously changing
ninimize the cost of power consumption for the electrochemical  price [3]. At present, one day is classified divided into several
process of zinc (EPZ) depending on varying prices of electrical load-duration periods, and the power price changes in different

power. A series of conditional experiments was conducted to ob- teill, T di b changi : . determined
hin enough data, which reflect the complex relationships among ~ PT19¢5- epending on such changing prices in predetermine

the factors influencing power consumption. Two backpropagation periods, how to make profit is an important topic for some large
nearal networks are used to build a process model that describes  power-consuming industrial customers.

fiese relationships. An equivalent Hopfield neural network is In the metallurgical industry, the electrochemical process of
wnstructed to solve this nonlinear optimization problem with .. (EPZ) is a large power-consuming process that accounts

fechnological constraints, a penalty function is introduced into | i .
the network energy function to meet the equality constraints, and for 80% of the total power consumption of the hydrometallurgy

inequality constraints are removed by altering the sigmoid func- ~ PrOCESS [4]. The recovery of zinc by electrolysis is accomplished
fon. An optimal power-dispatching control system (OPDCS) has by the application of direct current through insoluble electrodes,
been developed to provide an optimal power-dispatching scheme  causing the chemical reaction

md keep the EPZ running economically. Since the OPDCS was
jut into service in a smeltery, the cost of power consumption has
decreased significantly, and it also contributes to balancing the
power grid load.

i 1
211804 4 Hgo =7n L +HQSO4 + 502 T E (1)

This reaction results in the decomposition of aqueous zinc sul-

Index ~ Terms—Backpropagation neural network (BPNN),  phate (7nS0,) and the formation of sulphuric acid (H2S04),
tlctrochemical process of zinc (EPZ), Hopfield neural network where Zn’T ions in the electrolyte are recovered to zinc and
[HNN), optimization, power dispatching, varying prices of elec- . : : ye e o
Irical power. zinc deposits on cathodes, while OH™ ions are oxidized to O3

and O volatilizes on the anodes. The zinc output directly hinges
upon the current flow through the electrodes. The higher the cur-
I. INTRODUCTION rent density, defined as the current flowing to or from a unit area

LECTRICAL power is not a simple commodity: unlike ( generally per meter square) of an electrode surface, the more

other forms of energy, it cannot easily be stored in large ~ zinc output. If the EPZ runs with low current density in the pe-
qantities. Continuity of supply thus has a value that can be riod of high price, and with high current density in the period
nuch higher than the cost of the energy consumed [1]. During ~ of low price, then the cost of power consumption will be de-
nseload capacity, it has the lowest running cost, which should ~ creased. In addition, it will balance the load of power grid; this
an for as long as possible [2]. As a result, the price of electrical ~is beneficial to low cost and safe running of the power system.
sower should be adjusted continuously according to the varying However, if the current density is too high or too low with re-
ad, which is to coincide with the running cost of power gen- ~ spect to the technological requirements of the EPZ, it will lead
gration and transmission, and also to encourage end-use cus- (O high power consumption and low current efficiency, which is
lomers to consume more power in valley-load peried and less the ratio of the electrochemical equivalent current dCIlSity for the
power in peak-load period to keep the power system in electrical chemical reaction to the total applied current density, and even
blance. In general, the prices are set in advance for predeter-  to influencing the product quality and to irregular production.

nined periods based on the shape of the load duration owing Therefore, it is necessary to look for optimal current density in
different pricing periods considering the states of zinc electrol-
ysis synthetically. If the power is dispatched according to the
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quality and normal production. So, the problem to get an optimal
power-dispatching scheme is a nonlinear optimization problem
subject to technological constraints. It is difficult to solve this
optimization problem with traditional methods.

A neural network consists of many processing elements
(neurons) joined together by connecting the output of each
neuron to the inputs of other neurons through a set of connection
weights. It can approximate almost any input/output mapping
with any desired accuracy [6]. Neural networks are effectively
used for the modeling, identification, and control of complex
systems, and a large number of neural network algorithms
have been developed [7]-[10]. Among all neural networks,
the backpropagation neural network (BPNN) is by far the
most used training algorithm in feedforward neural networks
thanks to its effectiveness and relative easiness of application,
thus, it is widely used in process control applications [11], [12].
Hopfield neural networks (HNNs) can perform error corrections
in associative retrieval and lead to appreciated solutions in
optimization problems [13]. They have been widely used to
find solutions to difficult optimization problems, especially
for economic load dispatch in power systems [14], [15]. This
paper focuses on the economic benefits of power-consuming
industrial customers, instead of the generation cost of power
generators in those papers [14], [15], and describes an optimal
power-dispatching problem for the EPZ. Based on an extensive
analysis of the EPZ, two BPNNs are used to build a process
model, which describe the relationships between the power
consumption and the concentration of sulphuric acid and of zinc
sulphate, and the current density. An HNN is constructed to
solve the optimization problem, a penalty function is introduced
to meet the equality constraints, and inequality constraints are
removed by altering the Sigmoid function.

This paper is organized as follows. Section 1l analyzes the
production process and introduces conditional experiments.
Section I builds a process model with two BPNN’s. In
Section IV an optimization model is proposed, whose optimal
objective is to minimize the cost of power consumption per
day subject to the technological requirements. In Section V an
equivalent HNN is constructed to implement the optimization
algorithm. Section VI describes an industrial application, and
its industrial results are detailed. Conclusions are given in
Section VII.

II. PROCESS ANALYSIS AND CONDITIONAL EXPERIMENTS

The power consumption of the EPZ is in a direct ratio to the
cell voltage and in an inverse ratio to the current efficiency [16].
To reduce power consumption means to lower cell voltage and
to raise current efficiency. However, the reactions in the EPZ
taking place in solid, liquid, and gas phases include not only
chemical reactions but also the mass transfer between phases.
Their reaction rates are functions of concentration of each ele-
ment, temperature, and so on. Their energy balance involves the
generation, loss, and storage of heat, along with transformation
of heat and electrical energy. Thus the cell voltage and current
efficiency are influenced by many factors, and a satisfactory de-
scription of their relationships of all factors is impossible. Based
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on a qualitative analysis by use of process knowledge and ex-
perts experiences, the main factors are drawn out.

[) The concentration of sulphuric acid (H2504) Cy(g/l)
and of zine sulphate (ZnSQy) Oy, (g/1) in electrolyte.
Proper ratio of €', /C'z,, in electrolyte is a basic condition
of normal electrolytic deposit process. If (', is too low,
the density of sulphuric acid will be relatively too high,
zine deposited on cathodes will be dissolved again, then
the current efficiency will drop; if Cz,, is too high, the
cell voltage will increase and hence the power consump-
tion will increase.

2) Temperature of electrolyte 7. (°C). The rise of temper-
ature makes the super-voltage of H™ drop. makes H
easier to separate out on cathodes, and current efficiency
is, thus, cut back. On the other hand, too low tempera-
ture makes the resistance of electrolyte increase, and then
the cell voltage will be high, also increasing the power
consumption.

3) Current density [).(A/m?). With the increase of the
current density, the super-voltage H" will increase as
a beneficial factor to the raising of current efficiency.
However, too high density leads to rising of cell voltage,
thus, increasing power consumption.

In a practical production process, 1, is maintained relatively
constant. The power consumption is mainly related to Cy, Cz,,,
and D,.. Clearly, these factors affect each other and typical
nonlinearity exists among them. It is difficult to describe them
mathematically through analytic methods. However, we try to
minimize the cost of the power consumption depending on
varying prices of electrical power, at the same time the total
electrical energy consumption should not be increased, and the
product quality and normal production should not be affected.
Their relationships need to be described quantitatively. As a
result, a series of conditional experiments were conducted to
acquire a large number of data reflecting the relationships of
practical production process as follows.

1) Some factors such as the temperature of the electrolyte,
the amount of additive into the electrolyte, and the elec-
trolysis duration of a batch of zine are maintained iden-
tical to the practical production process,

2) Fixing a set of values for C and Cyz,, the electrolysis
runs at a fixed current density for an electrolysis period,
then the zinc output, cell voltage, current, current effi-
ciency, and energy consumption are measured and com-
puted. Changing current density, the electrolysis runs at
another fixed current density for an electrolysis period,
and associated parameters are measured and computed.
Twenty sets of experimental data are acquired under dif-
ferent current densities.

3) Six sets of (U, and 'y, have been chosen, which possibly
exist in practical production processes. For one set of Cy
and C'z,,, similar experimental procedures are repeated as
in 2).

The experimental data acquired from four-month continuous
experiments are demonstrated in Fig. 1. For the different
ratios of €', /Uy, (thatis, 150/47, 161/53, 168/50.8, 174/48.3,
183/48.2, and 193/48.3), the relationships between the current
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Demonstration of experimental data. (a) Cell voltage versus current density. (b) Current efficiency versus current density. (¢) Energy consumption versus
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Fig. 1.
current density.
density and the cell voltage, the current efficiency, and the
energy consumption are shown in Fig. 1(a)—(c), respectively.
The curves demonstrate identical relationships as the qualitative

analysis.

[1I. PROCESS MODEL

Based on the experimental data, the complex relationships
among the factors that influence the power consumption of the
EPZ are described by two BPNNs, where BP3L-V describes
the relationship between the cell voltage V' and C., Cg,, and
D., and BP3L-7 describes the relationship between the current
efficiency 7 and C, Cz,, and D.. Both BPNNs have the same
architecture: an input layer with three neurons, a hidden layer
with five neurons, and an output layer with one neuron. Their
architecture is shown in Fig. 2.

A. Construction of the BPNNs

The inputs of the three neurons for BP3L-V and BP3L-7 are
Cs, Uz, and D, and the outputs of the three neurons are the
same as the inputs. Let

p{ = CH Pé — CZ'H pé = Dr- (23)

Input layer

Hidden layer Output layer

Fig. 2. Architecture of BP3L-1" and BP3L-5.

The input and output of the ith neuron of the hidden layer of
BP3L-V are defined to be

3

P =) wii'pj + b (2b)
j=1

yi' = tansig (pf') o

where i = 1,2, 3,4, 5, the superscript 1 indicates BP3L-V, tufjl
denotes the weight of the signal from the jth neuron of the input
layer to the 7th neuron of the hidden layer, 67! denotes the bias
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of the ¢th neuron of the hidden layer, and tansig(.) denotes the
tan-sigmoid transter function, which has the form

2

s =,
1+e2¢

tansig(z) (2d)

The tan-sigmoid function maps the input to the interval (-1,
1). The input and output of the neuron of the output layer of
BP3L-V are defined to be

p(_)l - Ziwf)ly{f'l u bol V - p()l (3)
9=

where w’! denotes the weight of the signal from the jth neuron

of the hidden layer to the neuron of the output layer, and b%*
denotes the bias of the neuron of the output layer.
Equations (1)—(3) can be written in a matrix form
V = WO tansig(WH PT 4 BH1) 41 (4a)
where
r ‘U}ﬁl ’lb‘{él wf‘,;]
wit el el
Wil = |t Wil wil
Wl Wil wlf]
Lwil will il
- blHI
bt
BEL = | pEt (4b)
b1
|y
o=l »} »i]" (4c)
WOt = Lw?l wd' wt w? wgnJ : (4d)
Using the same method for BP3L-n, we get
fi = WO tansig(WH2 P!  BH2) 4 p©2 (52)
where the superscript 2 indicates BP3L-1),
“wﬁz 'u;iqu w{ﬂQ
?1)%{2 LU?:ZZ ’lng
WHE = | wil? w2 wif?
wi? wi® wif?
| wi? wlE wi?
s bf—j"z
b2
BHEZ = | e (5b)
iz
| bH2
o =[p! ph opi]" (5¢)
AR = Lw?2 we® wP¥ wi® -w?zj : (5d)

The weight matrices W1, WO, WH2 and W2, and
the bias 31, 91, B2 and b“? are determined by training
BP3L-V and BP3L-7 based on the experimental data.

B. Training of the BPNNs

The training process requires a set ol network inputs and
target outputs as samples. In BP3L-V, the inputs are C;(k),
Cznlk), and D.(k), the output is V (k). and the target value is
V' (k). The network performance function is defined as the mean
square error (MSE) between the network outputs and the target
outputs, that is,

(6a)

where N is the total number of samples used in training, and &
indicates the order of the sample. In BP3L-7, its network per-
formance function is

.
E, = %kz:l k) = HRE. (6b)

The weights and bias of BP3L-V and BP3L-n are iteratively
adjusted to minimize the associated network performance func-
tions during training.

A basic backpropagation training algorithm is used to deter-
mine the weights and bias of BP3L-V and BP3L-7. The weights
and biases are moved in the direction of the negative gradient
of the network performance function to minimize this function.
Let (1) be the vector of current weights and biases, and / be

the associated network performance function, then the training
algorithm can be written as

ar

2(l+1) =a(l) - A- 5=

(4) (7
where [ is the number of iterations, and A is the learning rate
whose value decides how fast one can achieve the network
convergence. A batch training method is used to implement
the above algorithm. In this training, the initial weights and
bias are chosen randomly. The gradients calculated during each
training session are added together to determine the changes in
the weights and biases. When the MSE is less than a threshold,
e.g., &, the training is stopped. The weights and bias at this
time is our target weights and bias. Substituting them in (4)
and (5), the cell voltage and current efficiency under different
concentration of sulphuric acid and of zinc sulphate, and
different current density can be calculated.

Sixty sets of experimental data are selected as samples, and
the rest as prediction data. The simulation results show that the
maximum relative error of cell voltage and current efficiency is
1.0% and 1.5%. respectively, for both samples and prediction
data.

IV. OPTIMIZATION MODEL AND TECHNOLOGICAL
CONSTRAINTS

The optimal power-dispatching control system (OPDCS)

needs to establish an optimization model to get current density
in different pricing periods to assure that the cost of power
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consumption per day is as low as possible on condition that the
technological requirements are met. The objective function of
the optimization model are expressed as

N

Ji= Zi{)i 1 W,
i=1

where IV, is the number of different price periods in one day, p;
is the price ($/kWh), and W; is the electrical energy consump-
tion (kWh) in the ith period. If V;; (V) denotes the voltage, and
[s; (A) denotes the magnitude of the current of the electrolysis
process, and t; 1s the hours (h) of the 7th period, then

(8)

I/Vi = Vs"i ' Ie.'?' » By (9‘1)
Let V; be the cell voltage (V), D.; be the current density (A/mz)
of the ith period, and let Sy be the area of a negative plate (m?),
hbe the number of plates in a cell, n be the number of cells, then

Veii=n Vi (9b)
Ik,‘ =b- SU ¢ D(-,‘. (QC}
Therefore, (8) can be expressed as
Ny
J=> (pi-n-Vi-b-So-Dei-l). (10)
i=1

To ensure the quality and quantity of products, the optimiza-
tion should be subject to the following constraints.

1) The constraint of daily output

G:ZG,;:H

Ny N,
g-b-So- Do ti-n-m=C (1)
=1 =1

where ( is the practical daily output of zinc (1), g is elec-
trochemical equivalent of zinc (¢ = 1.2202 g/A - h), C
is the expected daily output of zinc (t). In (10) the cell
voltage V; is obtained by BP3L-V and in (11) the cur-
rent efficiency 7; is obtained by BP3L-5. BP3L-V and
BP3L-y can be expressed as a form of formula
{ ni = TI(Dx,:'i-C"sia C"Z'n.i) (]2)
Vi = V(Dei, Csi, Czni)-
2) The constraint of the product quality and technological
conditions

Dk min o Dr-i = kaax

(13)

where Dy, 1y, 18 the allowed minimum current density of
the EPZ to avoid dissolving zinc deposited on cathodes at
too low current density, Dy max 18 the allowed maximum
current density of the EPZ, which depends on the capacity
of cooling fans, which cool the returning spent electrolyte
to maintain the temperature of the electrolyte, as well as
on the maximum capacity of power supply. Dy, and
Dy max are determined by empirical knowledge of the
process.
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Fig.3. Architecture of Hopfield neural network.

Therefore, the optimization model for the EPZ can be ex-
pressed as follows:

min .JJ = min i(l, -V Dy (14a)
i=1
subject to
Vi = V(Dei, Coi, Czng)
% = N(Des; Csiy Czni)
i Ky = Bty =0 (14b)
B; min < Dei € D max
where ¢ = 1, 24 v 4 Neki = q-b-Sg-t;-n,0; =p;- i

Sp - b. This is a typical nonlinear global optimization problem
including equality and inequality constraints. A Hopfield neural
network is used to solve this problem.

V. OPTIMIZATION ALGORITHM
The HNN is a fully interconnected symmetric network that

comprises N; neurons. The architecture is shown in Fig. 3.

A. Description of the HNN

In the HNN, ; is the input of the 7th neuron, and D,; denotes
the activation state of ith neuron, ¢ = 1,2, ..., N;. The input of
the sth neuron is

(15)

Ny
M= E Wi d Py
j=1

where w;; is the weight of the activation state of jth neuron to
the input of ith neuron, and the activation state of the ith neuron
is the function of its inputs

Des = f(2:) (162)

where f is the function of neurons, which is a sigmoid function,

(16b)






