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Abstract: In this paper, bath control is proposed for the electroless nickel plating through 
holes board process.  The main parameters of the product (board) – thickness of the plat-
ing film and phosphorous content – are stabilized at constant levels using optimal tracking 
control. The set point for control is calculated from the model in dependence on the cur-
rent state of the process. The pH-index and nickel percentage are stabilised at time-
variable set points using simple feed-forward PI-control that is robust to the loading per-
turbation. Copyright © 2005 IFAC 
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1. INTRODUCTION 
 
Electroless nickel plating is an established process in 
many industries: electronics, oil and gas industry, 
motor industry, machinery, etc. Usually, it does not 
require advanced control like it does in microelec-
tronics (e.g. board, microprocessor), where electri-
cally isolated contactors are a few microns thin and 
packed close to each other. They are created using 
precise plating technology that makes control obliga-
tory. 
 
The purpose of this paper is to propose controls for 
stabilisation of the thickness and phosphorous con-
tent of plating film at desired levels.  
 
The thickness and phosphorous content are the prime 
parameters of nickel plating, but unfortunately, un-
observable. They can be analysed in laboratory with 
a delay of about 10 hours, which is too long for ef-
fective control. A better method is to evaluate these 
parameters from a model in dependence on the cur-
rent state and apply them for calculation of the elec-
trochemically balanced tracking trajectory, which is 
the target for control of the pH-index and nickel per-
centage.  
 
An adequate plating process model should be applied 
to evaluate the control target. Such model was de-
veloped in (Tenno, et al., 2004) for the electroless 

nickel plating through holes (PTH) board process as 
a modified model of Kim, Sohn (1996) and other 
authors (Bindra and White, 1990; Ramasubramanian, 
et  al., 1999) investigating the reaction mechanism 
(Mallory, 1990; Salvago and Gavallotti 1972) and 
the discharge mechanism (Newman and Tiedeman, 
1975; Tiedeman and Newman, 1979; Gu, et al., 
1987). 
 
Electroless nickel plating is a highly disturbed proc-
ess by the bath loading, which is a finite-state 
Markov process. It will be shown that the proposed 
control is capable of eliminating this perturbation. 
 
 

2. MODEL 
 
The model (Tenno, et al., 2004) for PTH board proc-
ess is modified for control in this section. It was de-
veloped for the following anodic and cathodic reac-
tions.  
 
Anodic reaction - hypophosphite oxidation 

 
H2PO3

- + 2H+ + 2e- H2PO2
- + H2O, U1 = -0.504 V 

(1) 
Cathodic reactions - phosphorous deposition, hydro-
gen gas evolution, nickel deposition 

 



H2PO2
- + 2H+ + e- P + 2H2O, U2 = -0.391 V (2) 

 
2H+ + 2e- H2,   U3 = 0 V              (3) 

 
Ni2+ + 2e- Ni,   U4 = 0.257V      (4) 

 
In these reactions, the hydrogen ion formation ex-
ceeds consumption and pH-index is balanced with 
ammonia  
 

NH3 + H2O NH4
+ + OH-.                 (5) 

 
The discharge reaction controls the deposition proc-
ess mainly; it can be represented as a cell model.   
 
 
2.1 Cell Model 
 
Electrode reaction. The current densities of the elec-
trochemical reactions (1)-(4) can be represented as a 
two-directional process in a model, which is mainly 
the anodic reaction model for oxidation and the ca-
thodic reaction model for others   
  

in = i0nµn{exp(ναanpnkηn) - exp(-ναcnpnkηn)},  (6) 
 
where 
n - reaction number: 1 - oxidation, 2 - P deposition, 3 
- hydrogen evolution, 4 - Ni deposition, 
in - current density, A/cm2, 
i0n - exchange current density, A/cm2, 

 
i01 = 18,   i02 = 0.5, i03 = 2.5,   i04 = 1.6 mA/cm2, 

 
ηn - overpotential, ηn = φ - vn,  
φ - mixed potential, V, 
vn - thermodynamic equilibrium potential, V, 
µn - dimensionless concentration of species, 
ν - robustness coefficient, 0.1,  
k - temperature voltage, k = F/RT, 1/V, 
T - temperature, K,  
R - universal gas constant, 8.3145 J/mol-K,  
F - Faraday’s constant, 96487 C/mol,  
pn - number of exchanged electrons, pn = 2, p2 = 1,  
αan - anodic apparent transfer coefficients, αan+ αcn= 1,   
αcn - cathodic apparent transfer coefficients,  
 

αa1= 0.53, αc2 = 0.62, αc3 = 0.59, αc4 = 0.47. 
 
The anodic current density is equal to the sum of 
cathodic current densities because of the continuity 
 

i1 + i2 + i3 + i4 = 0.                  (7) 
 
The mixed potential is a measured parameter in [1]; 
here it is adjusted to satisfy (7) irrespective to any 
change in the partial reactions as in a real process 
where it is adjusted by the deposition process itself 
to maintain the charge conservation requirement 

irrespective to any changes in the concentrations or 
equilibrium potentials. 
 
Equilibrium potential. The equilibrium potentials of 
the partial reactions can be evaluated from the Nernst 
equation using unit activity for solid material (de-
posed nickel and phosphorous) and water, and unit 
partial pressure (1 atm) of hydrogen as follows  
 

v1 = U1 + κ(log c5 - log c1 - 2pH),      (8) 
 

v2 = U2 + 0.2κ(log c1 - 2pH),              (9) 
 

v3 = U3 - 2κ pH,                              (10) 
 

v4 = U4 + κ log c4,                           (11) 
 
where  κ-1 = 2k log e, 
ci - ion concentration of species (c1 - hypophosphite, 
c2 - orthophosphite or c4 - nickel), mol/dm3. 
 
 
2.2 Plating 
 
The deposition process can be decomposed in two 
independent processes - in nickel and phosphorous 
deposition - and composed by superposition of these 
processes in calculation of the Ni-P-alloy film xa = 
xNi + xP.  

 
Nidx

dt
= -i4

Ni

Ni

M
2Fρ

,    Pdx
dt

= -i2
P

P

M
Fρ

,     (12) 

where 
t - immersion time, sec, 
xNi - partial thickness of nickel, cm; physically, this 
is a ratio between volume of nickel and plate area,  
xP - partial thickness of phosphorous, cm,  
xa - thickness of the Ni-P-alloy film, cm, 
i4 - current density of nickel deposition reaction, A/cm2, 
i2 - current density of phosphorous deposition reac-
tion, A/cm2, 
MNi - molecular weight of nickel, 58.7 g/mol,  
MP - molecular weight of phosphorous, 31 g/mol,  
ρNi - nickel density, 8.9 g/cm3.  
ρP - phosphorous density, 1.82 g/cm3. 
 
The phosphorous content in the Ni-P-alloy film can 
be expressed as the volumetric ratio between the 
overall and partial thickness Pvol = (xP /xa) 100 % or 
as the weight ratio Pwt between the overall and partial 
weights.  
 
 
2.3 Concentration Dynamics 
 
Feeding and utilisation of fresh reagents along with 
formation of the by-products induces coupled 
changes of the concentrations of species (Tenno, et 
al., 2004).  
 



Hypophosphite feeding and consumption  
 
dc1 = [A(2i2 - i1)/2F + Q1fc1f]dt + σ1dW,  c1(t0) = c1ref,                              

(13) 
where  
c1 - hypophosphite concentration, mol H2PO2

-/dm3, 
c1f - feeding solution concentration, mol H2PO2

-/dm3, 
Q1f - hypophosphite dilution rate, 1/s, 
t0 - makeup moment for a newly made bath, sec, 
t - elapsed time, sec, 
σ1 - model inaccuracy, 
W - model-prediction error: Wiener process. 
 
Nickel feeding and consumption 
 
dc4 = [Ai4/2F + Q4f c4f]dt + σ4dW,  c4(t0) = c4ref, (14) 

 
where  
c4 - nickel concentration, mol Ni2+/dm3, 
c4f - feeding concentration, mol Ni2+/dm3, 
Q4f - nickel dilution rate, 1/s. 
 
Hydrogen formation and removal with ammonia 
 
dc3 = [A(i1 + 2i2 + i3)/F]dt - dx + σ3dW, c3(t0) = c3ref, 

(15) 
where  
c3 - hydrogen concentration, mol H+/dm3, 
dx - dissociation-consumed hydrogen, mol H+/dm3. 
 
The following approximation is used for control 
 

dx = Q3fc3fdt,                                  (16) 
where 
c3f - feeding concentration, mol NH3/dm3, 
Q3f - ammonia dilution rate, 1/s. 
 
It is valid for a steady-state process of ammonia 
feeding and consumption. In general, the process 
(15) is smoother and slightly delayed with respect to 
the feeding process (16). Thus, a control developed 
based on this approximation (16) should be limited 
by a special requirement of smooth ammonia pump-
ing if compared to nickel pumping.  
 
Accumulation and evolution of the by-products can 
be represented as follows. 
 
Orthophosphite accumulation  
 

dc2 = Ai1dt/2F + σ2dW,   c2(t0) = 0,          (17) 
 
c2 - orthophosphate concentration, mol H2PO3

-/dm3. 
 
Hydrogen gas evolution 
 

dc5 = -Ai3dt/2F + σ5dW,            (18) 
 
dc5/dt - hydrogen evolution rate, mol gH2/s/dm3. 
 

The Wiener processes are introduced to show the 
model inaccuracy that should be accounted for in 
development of the estimation and control strategy 
insensitive to uncertainty.  
 
 
2.4. Loading Process 
 
The bath loading is defined as a total metal area of 
plates immersed in the solution per bath volume. For 
stable plating this parameter should be kept in the 
range of 0.3-1.5 dm2/dm3, preferably in between 0.5-
1.0. 

A = APz,                         (19)  
where   
A - bath loading, cm2/dm3 
z - loading level, z = Z/N,  
Z - state of loading,  
N - maximum number of baskets (rack for plates) in 
use, N = 3, 
AP - maximum loading for all baskets immersed (a prod-
uct constant), cm2/dm3.  
 
The state of bath loading is equal to the number of 
baskets immersed. For single basket Z = 1 means that 
it is immersed, otherwise Z = 0. For three baskets, Z 
= 2 means that two baskets are immersed and there is 
a free place in the bath for the third basket to be im-
mersed.  
 
The state loading is a finite-state Markov process 
defined by the down loading rate up and up loading 
rate; it is considered as a completely observable 
process in this paper. 
 
 
2.5. Measurements 
 
Typically two analysers are used in a plating process 
control as standard equipment.     
 
Nickel analyser. Analysis is described by 
 

ξ4 = 103(c4+ r4ε),                            (20) 
where 
ξ4 - measured nickel percentage: 100 % is equal to 
0.1 mol Ni+2/dm3, 
c4 - nickel concentration, mol Ni+2/dm3,  
r4 - analysis accuracy, 
ε - analysis error: standard Gaussian variable. 
 
pH analyzer. Analysis is described by 
 

ξ3 = 10-pH = c3 + r3ε,                       (21) 
where 
ξ3 - measured hydrogen concentration; measured pH-
index is equal to pH = -log ξ3,  
c3 - hydrogen ion concentration, mol H+/dm3, 
r3 - analysis accuracy. 
 



Beside these online analyses the flow rates of nickel, 
hypophosphite and ammonia are also analysed. 
 
The hypophosphite concentration is analyzed in 
laboratory in every 6 hours. The missing measure-
ments may be extrapolated.  
 
The orthophosphite concentration can be estimated 
by the metal turn over measured online.  
 
The hypo- and orthophosphite concentrations are 
considered as a completely observable process in this 
paper. 
  
 

3. CONTROL TARGET 
 
The geometrical and physical properties of PTH-
board are defined with several parameters. Among 
them, the thickness of Ni-P-alloy film and phospho-
rous content are crucial. In plating process they are 
controlled through choice of references for pH-index 
and nickel percentage. These parameters can be kept 
constant using adjusted ammonia and nickel feeding 
rates. The stabilization process, being completely 
automatic, is somewhat controversial, with heuristic 
choice of the references. This choice is based on the 
laboratory analysis with essential delay. The film 
thickness is measured twice per day in X-ray-
fluorescence spectroscopy. The phosphorus content 
is rarely evaluated. 
 
The desired thickness of Ni-P-alloy film is a constant 
equal to the central point of the admissible range xa = 
4 µm and the desired phosphorous content is a con-
stant: Pwt = 8.5 %. The partial thicknesses of nickel 
and phosphorous can be calculated as target values 
for control from the desired thickness and phospho-
rous content  
 

xNi
* = xa - xP

*,  xP
* = xaPvol/100.       (22) 

 
These target values can be achieved in practice if 
they are balanced. This means that the pH-index, 
nickel percentage and mixed potential should satisfy 
the charge conservation requirement (7) involving 
the electrode reactions (6) and the thermodynamic 
equilibrium potentials (9)-(12). It also includes the 
deposition rate (12) and target (22) requirements, 
coupled in this relationship  
  

- 4

Ni

i
C

 =
*

Nix
τ

,  - 2

P

i
C

=
*

Px
τ

,              (23) 

where  
xNi

* - target thickness of nickel, cm,  
xP

* - target thickness of phosphorous, cm, 
τ - plating time (22 min), s, 
C - charge density of Ni- and P-ions, C/cm3. 

 
Numerical minimisation of the function f = f{i(c3,c4,φ)} 

 

f = (i1 + i2 + i3 + i4)2 + (i2 - CP

*
Px
τ

)2 + (i4 - CNi

*
Nix
τ

)2 (24)                       

 
is the simplest method for calculation of the balanced 
processes for the hydrogen and nickel concentration 
and for the mixed potential. The target values are 
coupled processes (meaning implicit use of the 
mixed potential); they depend on the hypo- and or-
thophosphate concentrations 
 

ζ3 = c3(c1,c2),   ζ4 = c4(c1,c2),    φ = φ(c1,c2).  (25) 
 
The plating process is well controllable as long as the 
relationship between the target values holds. Other-
wise an automatic change of the mixed potential 
takes place, affecting all reactions. Unfortunately, 
this change always takes place, even if the pH-index 
and nickel percentage are kept constant. The hypo- 
and orthophosphite concentrations are never constant 
– besides feeding, they depend on the utilization and 
consumption rates. The orthophosphate consumption, 
similar to the metal turn over, characterises the proc-
ess of bath aging. 
 
Therefore, the thickness and phosphorous content 
can be maintained at the desired levels through stabi-
lization of the pH-index and nickel percentage at 
certain time-varying levels. This tracking control 
problem is solved as follows.  
 
 

4. TRACKING CONTROL 
 

The tracking control problem can be approximately 
solved as a minimum variance problem. The model 
(14), (15) is linear in state and control variables for 
fixed current densities and nonlinear for free current 
densities; however depends weakly on the state vari-
ables through the almost invariant current densities. 
In this situation, the following feed-forward PI-
control is justified and is a logical successor to the 
existing control in PTH board processes. 
   

ut = APztν - Kp[ξt - ζt + Ti
-1

t

0
∫ (ξs - ζs)ds],  (26) 

where 
ξ - measured hydrogen and nickel concentrations, 
ξ = [ξ3, ξ4]T,  
ζ - target calculated from minimization of the crite-
rion (24) as parameters ζ = [ζ3, ζ4]T dependent (25) 
on the hypo- and orthophosphite concentrations,   
u - controls: ammonia and nickel (hypophosphite) 
feeding rates, u = [Q3f, Q4f]T,  
AP - maximum loading, 
zt - bath loading level (observable process),   
ν - control setpoint for average bath loading,  
Kp - control gain: diagonal matrix of weights,  
Ti - integration time.  



 
This control depends on the model through the tar-
get. As a feed-forward control, it compensates for 
the bath loading change. This control is effective 
because of the following properties: 
 
1. The applied tracking trajectory is relevant to the 
global target and to the current state of the process.   
 
2. The state of bath loading switches controls (26) 
faster than its after-effect, observable through the 
pH-index or nickel concentration. 
 
3. Tracking of the nickel besides pH-index allows 
separate control of the film thickness and phospho-
rous content. Their control is in disagreement if sin-
gle parameter (pH-index) is applied as tracking con-
trol as done in practice.    
 
 

5. SIMULATION 
 
The proposed control (26) was tested in a series of 
simulation experiments one of them is described 
below. A large control effect will be shown on a 
demanding task formulated and solved as follows. 
 
Control task. The initially low thickness xa = 3.7 µm 
and phosphorous Pwt = 7.8 % must be corrected to 
the target values xa = 4 µm, Pwt = 8.5 % and then 
separately elevated xa = 4.3 µm and dropped down 
Pwt = 8.2 % and finally recovered at the basic levels 
as shown in Figs 2, 3.   
 
Perturbation. The bath-loading process with strong 
effect on partial reactions was simulated as a Markov 
pure jump process shown in Fig. 1.  
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Fig. 1. Simulated bath-loading process. 
 
Wiener processes were also introduced in every 
model to increase uncertainty; they were generated at 
relatively low level (5 % noise-to-signal ratio) to 
show the control effect clearly. 
 
Tracking. Irrelevant to the perturbations introduced 
by the loading and Wiener processes, the plating film 

thickness and phosphorous content can be stabilised 
at the desired levels rather well (Figs 2, 3).  
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Fig. 2. Thickness of deposit, stabilised at target. 
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Fig. 3. Phosphorous content in alloy, stabilised at 

target. 
 
The initial state correction is the largest one, it af-
fects the deposition rates and rate-ratios (Fig. 4).    
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Fig. 4. Corrected deposition speed. 
 
In the case of conventional PID control, variation is 
essentially large, because the desired pH-index and 
nickel concentration are never balanced. To prevent 
unstable situations, a piecewise constant pH-
trajectory is aimed for tracking in practice, while the 
nickel concentration level is aimed for keeping the 
level constant. 
 



The electrochemically balanced trajectories in Figs 
5, 6 are relevant to the target values for thickness 
(Fig. 2) and phosphorous content (Fig. 3), and also 
to the current state of hypo- and orthophosphite con-
centrations and to the mixed potential.  
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Fig. 5. Optimal pH-index and its tracking in process 

control.  
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Fig. 6. Optimal nickel concentration and its tracking 

in process control. 
 
Small changes to the feeding rates are required to 
stabilise the plating process, if correction is made in 
time and both flows are active controls as shown in 
Fig. 7.  
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Fig. 7. Stabilizing controls. 
 
More control is required if the process is stabilised 
with a single control (ammonia) or if the pH-tracking 

trajectory is a piece-wise constant corrected 1-3 
times during the lifetime of a bath.   
 
 

6. CONCLUSION 
 

It was shown that tracking control may improve the 
plating quality if  
 
• the control target is evaluated as the electro-

chemically balanced target,  
• the bath loading perturbation is eliminated by 

the feed-forward control, 
• the pH-index and nickel percentage are both 

controlled. 
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